BEST AVAILABLE COPY 

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 




(,9,W0r,d, tS:lX2 Or8anizati0n fSSHSa iM-iaiBPii&iiiiiaswiBiiiiiiiiEMiii: 

(43) International Publication Date (10) International Publication Number 

11 April 2002 (11.04.2002) PCT WO 02/29076 Al 



(51) International Patent Classification 7 : CUP 1/00. 

C12N 13/00, 11/00, 11/14, 11/02, 11/08 

(21) International Application Number: PCT/US0 1/306 17 

(22) International Filing Date: 2 October 2001 (02.10.2001) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 

60/237,192 3 October 2000 (03. 10.2000). US 

(71) Applicant: M IRAKI BIOSCIENCES, INC. [US/US]; 
6516 Old Farm Court, Rockville, MD 20852 (US). 

(72) Inventor: MARTIN, Mark; 6516 Old Farm Court, 
Rockville, MD 20852 (US). 



(74) Agent: AUERBACH, Jeffrey, L; Liniak, Berenato, Lon- 
gacrc & White, L.L.C., Suite 240, 6550 Rock Spring Drive, 
Bethesda, MD 20817 (US). ' 

(81) Designated States (national): AU, CA, JP. 

(84) Designated States (regional): European- patent (AT, BE, 
CH, CY, DE. DK, ES, FI, FR. GB, GR, IE, IT, LU, MC. 
NL, PT, SE, TR). 

Published: 

— with international search report 

— be/ore the expiration of the time limit for amending the 
claims and to be republished in the event of receipt of 
amendments 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations'* appearing at the begin- 
ning of each regular issue of the PCT Gazette 



OFIC1NA ESr ■-■ ■ •/ •■; / c^'!^%\Cl^ v 

opto. ° 



,1 05 - - 



(54) Title: METHODS AND COMPOSITIONS FOR DIRECTED MICROWAVE CHEMISTRY 

® (57) Abstract: Chemical reactions are accelerated by applying an electromagnetic field to result in dielectric healing of a solid 
^1 material containing a bound retractant. A composite is provided containing a solid dielectric material susceptibl to dielectric heating 

and a specific binding molecule for the reactant. Microwaves are applied to the composite to result in dielectric heating of the solid 
q material to accelerate reaction of the reactant. In another embodiment, the composite is contacted with a reactant-containing solution 

to bind the reactant to the composite, a composite -reactant complex to result in dielectric heating of the solid material and accelerating 
Q conversion of the reactant to a product. Binding molecules include molecularly imprinted polymers, zeolites, antibodies, enzymes. 
^ cavitands. receptors, ligands, and nucleic acids. Dielectric materiaJs include inorganic titanates, niobates. ferroelectric polymers, 
^ clays and oxides. 



WO 02/29076 PCT/US01/30617 



METHODS AND COMPOSITIONS FOR 
DIRECTED MICROWAVE CHEMISTRY 

FIELD OF THE INVENTION 

The present invention relates to the field of 
5 artificial enzymes and artificial protein receptors. It 
also relates to the field of microwave chemistry. 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of United 
States Patent Application Serial No. 60/237192 filed on 
10 October 3, 2000. 

BACKGROUND OF THE INVENTION 

Until now, no one has ever combined the field of 
artificial enzymes /antibodies with the field of dielectric 
chemistry. The state of the art in these two separate areas 
15 (microwave chemistry and artificial enzymes/receptors) is 
described as follows. 

Microwave Chemistry 

Microwaves (including radiof requency or RF 
electromagnetic radiation) are commonly used in wireless 

20 communication devices. Advances in microwave transmission 
have improved along with tremendous recent technological 
improvements in the satellite and communications industry 
(for example, in cell phones and wireless internet) . 
Microwaves are also well known in- common— kitchen 

25 appliances. Microwave ovens heat water-containing food 

rapidly because water is efficient at converting microwave 
energy to thermal energy. Kitchen microwave ovens emit 
microwaves at a frequency of 2.45 GHz, which is well within 
the microwave absorption spectrum of water. Frequencies 

30 outside of the absorption spectrum of water would not heat 
food as well. 
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at 2.45 GHz. In one such case, microwaves were used to 
accelerate the rate of an enzyme-catalyzed reaction (Kidwai 
et al., 1998). However, here the microwaves were not 
directed, but used to heat the bulk solution. 

In another application, microwaves have been used to 
heat the bulk solvent during solid-phase combinatorial 
chemistry (Kappe, 2001; Bradley, 2001). In these cases, 
conventional resins (polystyrene, for example) as solid 
scaffolds for chemistry. The bulk solution was the target 
of the microwave heating. 

In another case, microwaves were used to accelerate a 
chromogenic reaction between noble metals and chromogenic 
reagents. This analytical reaction was performed in 
solution by flow injection analysis (FIA) (Jin et al., 
1999) . The reaction depended on bulk solvent heating rather 
than targeted dielectric material heating. 

In yet another case, microwaves were used to enhance . 
the solution phase formation of a fluorescent complex of 
aluminum (Kubrakova, 2000) . The fluorescence intensity 
could be used to measure aluminum ions in solution. Again, 
the reaction depended on bulk heating of solvent. 

Artificial Enzymes /Receptors 

Nature uses specifically folded proteins called enzymes 
to catalyze specific reactions necessary for the function of 
a living organism. Nature also uses non-catalytic proteins, 
such as receptors and antibodies to effect other biological 
processes. Both catalytic and non-catalytic proteins have 
remarkable pockets on their surfaces that bind to the 
appropriate molecule, with exquisite specificity . _ In the 
case of enzymes, when the appropriate molecule is bound in 
the binding pocket (called an "active site"), a chemical 
reaction takes place that converts the molecule (substrate) 
into a chemically different molecule (product) . The 
reaction product dissociates form the active site, allowing 
the (unaltered) enzyme to bind and catalyze another reaction 
"turnover". 
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Protein-based enzymes, receptors, and antibodies are 
often used in industry, medicine, and diagnostics as 
reagents. For example, antibodies are used as therapeutic 
agents for various diseases including cancer and rheumatoid 
5 arthritis. Enzymes are used to "fade" denim blue jeans and 
to process high fructose corn syrup. Antibodies and enzymes 
are used in immunoassays in medical diagnostics. Despite 
the widespread use of naturally occurring antibodies and 
enzymes, many laboratories have sought to create artificial 
10 antibodies, receptors, and enzymes. One drawback of the use 
of natural proteins, or modified natural proteins, for 
practical purposes, is that proteins are not particularly 
stable molecules. Artificial reagents would have greater 
stability to non-physiological temperatures, pH values, non- 
15 aqueous solvents, and salt concentrations. Also, natural 
proteins are susceptible to degradation by contaminating 
enzymes called proteases that hydrolytically cleave and 
inactivate other proteins. In addition, even under ideal 
storage conditions (cold storage in a suitable buffer) the 
20 shelf life of proteins can be very short. Finally, in many 
cases a binding or catalytic reagent is desired for which 
there is no known natural antibody or enzyme. For example, 
an antibody may be desired that binds a very small molecule 
such as methanol or an enzyme may be desired that carries 
25 out a chosen stereospecif ic reaction during preparation of a 
fine chemical. 

Because of the above-stated drawbacks of natural 
proteins, many laboratories have developed non-protein bio- 
mimetic compounds that function in the same way as 
30 . antibod_ies or enzyme_s . m A wide range of .classes of chemical 
structures has been shown to be useful as artificial 
proteins. In all cases, the artificial biomolecules have 
binding pockets that specifically bind to a molecule of 
choice. These include, but are not limited to; molecularly 
35 imprinted polymers (Dai, et al., 1999; Dickert & Thierer, 
1996; Leonhardt & Mosbach, 1987), chlral ligands (Maugh 
1983a), cavitands. (Maugh 1983b, Breslow et al . , 1983) and 



zeolites, and other low molecular weight organic synthetic 
receptors (Borchart & Clark, 1994) . In addition, natural 
proteins are often sought out or modified to have enhanced 
stability (thermal or other) (Maugh, 1983c) . 

Individuals who have made artificial enzymes or 
antibodies/receptors have never reported the possibility 
that directed microwave energy could be used to promote the 
rate of a chemical reaction within the binding site of the 
biomimetic. 

The present invention combines salient features of 
these two previously unassociated fields. By combining 
certain aspects of these fields it has been discovered that 
the rate of chemical reactions can be accelerated by the 
energy of microwave radiation and with the exquisite regio- 
and stereo-specificity of natural enzymes. 

The present invention reveals a novel means of using 
microwave energy to specifically accelerate chosen chemical 
reactions. The reaction specificity comes from the fact 
that the microwaves are directed to lossy (see definitions 
below) materials that contain specific binding sites for the 
desired reactant. The invention describes new uses of 
microwave radiation. It has never before been disclosed how 
to direct dielectric heat to accelerate the reaction of a 
specific molecule in a mixture of similar and/or dissimilar 
molecules. In this way, the invention describes a new form 
of artificial enzyme. The results are obtained by using a 
dielectric material that has substantially better heating 
properties than water at the chosen microwave emission 
frequency. A specific reactant-binding molecule is in 
association with .the preferentially, heated dielectric 
material, causing the enhanced reaction of bound reactant. 

OBJECTS OF THE INVENTION 

The invention is directed toward an improved means for 
accelerating the rate of specific chemical reactions. A 
further objective of the invention is to confer tailored 
enzyme-like regio- and stereo-specificity to a reaction. A 
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still further objective of the invention is to provide such 
improved reaction rates and specificity to a diverse number 
and type of chemical reactions. It is yet another objective 
of the invention that the accelerated reactions be 
controllable, so that they can be turned on or off, or be 
modulated, by a user at will, it is yet another objective 
of this invention to allow specific reactions to be 
accelerated regardless of whether the reaction is in a 
homogeneous or heterogeneous solution or suspension, or is 
bound or otherwise associated with a solid support (such as 
a surface, bead, etc.). It is yet another objective of the 
invention to provide a method for accelerating a chosen 
reaction in the presence of other compounds that may be very 
similar in structure to the desired reactant, but will not 
appreciably react. 

BRIEF DESCRIPTION OF THE FIGPRES 

Figure 1: Particle-based material for directed 
microwave chemistry. The two relevant features are: (1) a 
dielectric particle/bead that absorbs microwaves at 
frequencies different from any surrounding solvent (aqueous 
or organic solvent), and (2) a binding surface that 
specifically captures the reactant of choice. The particle 
■ also has the optional feature of a porous thermally 
insulating coating to reduce heat transfer from the 
dielectric to bulk solvent. In practice,' many beads may be 
used (millions or more) . The beads can be suspended in a 
liquid medium containing the reagent (s). The particles and 
the medium would be subjected to microwave frequency 
irradiation within the chamber of a. microwave oven. In some 
applications, the particles could be removed "from~solvent ' 
prior to microwave irradiation. 

Figure 2: Planar surface-based material for directed 
microwave chemistry. The relevant features are as described 
in the description of Figure 1. The diagram shows what is 
enclosed in a microwave oven chamber during a preferred 
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reaction. In some applications, the planar surface can be 
removed from solvent prior to microwave irradiation. 

a) The surface can be a permanent dielectric 
within the microwave oven or it could be a 

5 disposable device such as a cartridge or 

cassette. The diagram shows what is enclosed 
in a microwave oven chamber during a reaction. 
In some applications, the planar surface can be 
* removed from solvent prior to microwave 

10 irradiation. 

b) Chip for directed microwave chemistry. In this 
case, the surface (chip or other essentially 
planar object) comprises a support (e.g. glass 
or Teflon) , spotted dielectric, and a membrane 

15 or other reagent capture surface. 

c) Chip for directed microwave chemistry. Similar 
to b) except the dielectric is in the form of a 
layer rather than spots. 

Figure 3: Half -life of Adamantylidene adamantine 1,2- 
20 dioxetane versus temperature. The figure illustrates the 
strong dependence of the dioxetane half-life on temperature 
(dioxetane breakdown initiates CL) . Note that the abscissa 
scale is logarithmic. 

Figure 4: A MATTR instrument. The components of the 
25 instrument are a microwave oven with a built-in holder for 
MATTR disposable chips. The chips emit light upon microwave 
heating, which is captured by a PMT (either directly through 
a window or via fiber optics) . Microwave generation, camera 
recording, and image analysis are" all " carried out using -a- 
30 PC. 

Figure 5: MATTR-based sandwich immunoassay TNFa 
immunoassay. Upon microwave heating, light emission from 
multiple CL labels will signal the presence of the analyte, 
TNFa. 
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Figure 6: MATTR-based nucleic acid microarray assay. . 
Upon microwave heating, light emission from multiple CL 
labels signals the presence of the analyte." 

Figure 7: Demonstration of Microwave-Accelerated 
5 Triggered Chemiluminescent Reactions. This figure 

demonstrates that, compared with "blank" glass microscope 
slide-based chips, dielectric chips containing barium 
titanate, activated carbon, or Bentonite clay substantially 
accelerate the chemiluminescent reaction of luminol/peroxide 
10 under microwave irradiation. 

SUMMARY OF THE INVENTION 

The invention describes a means in which chemical 
reactions (catalytic or stoichiometric) can be accelerated 
and be given exquisite enzyme-like specificity. The 

15 reactions preferably occur on solid phases or surfaces 

(hereinafter collectively referred to as "solid supports") . 
Suitable solid supports preferably contain: a dielectric 
(microwave absorbing) material, a specific binding reagent 
(such as an artificial antibody or artificial enzyme, etc.), 

20 and optionally a thermally-insulating porous coating that is 
permeable to the reagent. The solid support can be in many 
forms, most notably beads and planar surfaces. The solid 
supports are preferably bathed in aqueous or organic 
solution containing the chosen reagent. Next, depending on 

25 the application, the solid supports are preferably either 
left in the solvent or are removed, for example, into air, 
etc.. Microwaves are then emitted into the solid surface. 
In cases where the solid support is lef.t. i n-.snlv.ent.,— the- 
microwaves are emitted at a frequency that heats the 

30 dielectric more than the solvent. The instrument power, 

frequency, and duration of the microwave emission are pre- 
determined in the laboratory. Following microwave heating, 
a change in the reagent may be noted by some physico- 
chemical change that takes place in the formation of 

35 product (s) from reactant(s). The specific chemical rate 
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acceleration can be used for preparative and analytical 
applications. In analytical applications, the reaction may 
be monitored and may be quantitated, for example in medical 
diagnostics, by an accompanied observable physico-chemical 
5 change (color change, for example) . 

In accordance with the principles of the present 
invention, the reaction on a solid support coated with or 
otherwise containing an artificial enzyme may be accelerated 
by: (1) adjusting the concentration of the reactant by 
10 binding to a large number of specific binding sites on the 
solid support, or (2) adjusting the temperature difference 
between the dielectric/artificial enzyme and the bulk 
solution. 

In* detail, the invention provides a method for 
15 accelerating a chemical reaction of a reactant specifically 
bound to a surface, the method comprising; 

(a) contacting a composite with the reactant, the 
composite comprising a solid material susceptible 
to dielectric heating and a specific binding 

20 molecule for the reactant, 

(b) applying an electromagnetic field to the 
composite, resulting in dielectric heating of the. 
solid material, and 

(c) allowing the heated reactant to react, thereby 
25 accelerating the reaction. 

The invention additionally concerns a method for 
accelerating a chemical reaction of a reactant specifically 
bound to a surface, the method comprising; 

(a) contacting a composite, the composite comprising 
30 a solid material susceptible to dielectric 

heating and a specific binding molecule for the 
reactant, with a reactant-containing solution for 
a time sufficient to allow reactant to bind to 
composite, 

35 ( b ) separating the composite-reactant complex from 

the solution, 
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(c) applying an electromagnetic field to the 
composite, resulting in dielectric heating of the 
solid material, and 

(d) allowing the reactant to be converted to product, 
5 thereby accelerating the reaction. 

The invention additionally concerns the embodiments of 
such methods further comprising the step of measuring the 
extent of reaction, and controlling the application of the 
electromagnetic field in response to the measured extent of 

10 reaction and/or wherein the step of contacting comprises 

mixing the composite into a solution containing the reactant 
and/or wherein the step of contacting comprises mixing the 
reactant into a liquid containing the composite. 

The invention additionally concerns the embodiments of 

15 such methods wherein the wavelength of the applied field is 
between 5 cm and 100 m, and wherein the chemical reaction is 
hydrolysis, homolytic cleavage, or a chemiluminescent 
reaction. 

The invention additionally concerns the embodiments of 
20 such methods: 

1. wherein the solid material is selected from the 
group consisting of carbon, charcoal, amorphous carbon, 
carbon black, clay, and nickel; 

2. wherein the solid material is an oxide selected 
25 from the group consisting of copper oxide, chromium oxide, . 

silicon oxide, niobate oxide and manganese oxide 

3. wherein the solid material is a titanate selected 
from the group consisting of barium titanate, and an 
inorganic titanate; 

30 4. wherein the solid material is an alumina^.cj^pojind . 

selected from the group consisting of alumina-magnetite, 
aluminum-epoxy composite and calcium aluminate; 

5. wherein the solid material is an oxide or non- 
oxide ceramic, a ferrite, a ferroelectric polymer, or an 

35 organic; polymer; and/or 

6. wherein the solid material is selected from the 
group consisting of SiC, Si, Mg, FeSi, Cr 2 0 3 , Fe 3 0 4 , Mn0 2 , NiO. 
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The invention additionally concerns the embodiments of 
such methods wherein the solid material is a mixture of a 
conductive material and an insulator, and especially wherein 
the conducting powder is Nb, TaC, SiC, MoSi 2 , Cu, or Fe, and 
5 the insulator is Zr0 2 , Y 2 0 3 , or A1 2 0 3 . The conductive 
materials may be metals, and may be granular (i.e., 
powdery), flakelike, spherical, needlelike or fibrous in 
shape. 

The invention additionally concerns the embodiments of 
10 such methods wherein the specific reactant binding molecule 
is selected from the group consisting of a molecularly 
imprinted polymer, a zeolite, an antibody, a modified 
antibody, an enzyme, a modified enzyme, a cavitand, a chiral 
ligand, a low molecular weight organic synthetic receptor, 
15 single stranded nucleic acid, and double stranded nucleic 
acid. 

The invention additionally concerns the embodiments of 
such methods wherein the specific reactant binding molecule 
has at least one binding site for the reactant, the binding 

20 site facilitating more than one reaction turnover or one 
reaction turnover. 

The invention additionally concerns the embodiments of 
such methods wherein the electromagnetic field is applied at 
a frequency of from about 0.9 to about 25 GHz, and 

25 particularly, wherein the electromagnetic field is applied 
at a frequency of from about 0 . 9 to about 6 GHz or wherein 
the electromagnetic field is applied at a frequency of from 
about 0.9 to about 2.5 GHz. The invention particularly 
concerns the embodiments of such methods wherein the 

30 electromagnetic field is applied, at a frequency.. select£j± 
from the group consisting of 0.915, 2.45, 5.85 and 22.125 
GHz. 

The invention additionally concerns the embodiments of 
such methods wherein the composite is in the form of a 
35 particle or a planar substrate. 

The invention additionally concerns a composite 
comprising a solid material responsive to dielectric heating 
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and a binding molecule capable of specifically binding a 
reactant molecule. 

The invention additionally concerns the embodiments of 

such composite: 

5 1. wherein the solid material is selected from the 

group consisting of carbon, charcoal, amorphous carbon, 
carbon black, clay, and nickel; 

2. wherein the solid material is an oxide selected 
from the group consisting of copper oxide, chromium oxide, 

10 silicon oxide, niobate oxide and manganese oxide 

3. wherein the solid material is a titanate selected 
from the group consisting of barium titanate, and an 
inorganic titanate; 

4. wherein the solid material is an alumina compound 
15 selected from the group consisting of alumina-magnetite, 

aluminum-epoxy composite and calcium aluminate; 

5. wherein the solid material is an oxide or non- 
oxide ceramic, a ferrite, a ferroelectric polymer, or an 
organic polymer; and/or 

20 6. wherein the solid material is selected from the 

group consisting of SiC, Si, Mg, FeSi, Cr 2 0 3 , Fe 3 0 4 , Mn0 2 , NiO. 

The invention additionally concerns the embodiments of 
such composite wherein the solid material is a mixture of .a 
conductive material and an insulator, and especially wherein 

25 the conducting powder is Nb, TaC, SiC, MoSi 2 , Cu, or Fe, and 
the insulator is Zr0 2 , Y 2 0 3 , or A1 2 0 3 . The conductive 
materials may be metals, and may be granular (i.e., 
powdery), flakelike, spherical, needlelike or fibrous in 
shape . 

30. The invention additionally, concerns the embodiments of 

such composites wherein the binding molecule is selected 
from the group consisting of a molecularly imprinted 
polymer, a zeolite, an antibody, a modified antibody, an 
enzyme, a modified enzyme, a cavitand, a chiral ligand, a 

35 low molecular weight organic synthetic receptor, single 
stranded nucleic acid, and double stranded nucleic acid. 
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The invention additionally concerns the embodiments of 
such composites wherein the composite is in the form of a 
particle or a planar substrate. 

The invention additionally concerns the embodiments of 
5 such composites wherein the composite additionally comprises 
a porous, thermally-insulating coating, and particularly 
wherein *the coating covers the solid material and the 
binding molecule. 

The invention additionally concerns the embodiments of 

10 such composites wherein the binding molecule is bound to the 
solid material and the porous coating covers the binding 
molecule, the porosity of the coating allowing for the 
reactant to contact the binding molecule. 

The invention additionally concerns the embodiments of 

15 such composites wherein the composite additionally comprises' 
a specific reactant-binding molecule bound to the specific 
reactant and/or wherein the coating covers the solid 
material and the binding molecule. The invention 
additionally concerns the embodiments of such composites 

20 wherein the binding molecule is bound to the solid material 
and the porous coating covers the binding molecule, the 
porosity of the coating allowing for the reactant to contact 
the binding molecule. 

The invention additionally concerns the embodiments of 

25 such composites wherein the binding molecule is selected 
from the group consisting of a molecularly imprinted 
polymer, a zeolite, an antibody, a modified antibody, an 
enzyme, a modified enzyme, a cavitand, a chiral ligand, a 
low molecular weight organic synthetic receptor, single 

30- stranded nucleic acid, and .double strande.cL nucleic acid . 

and/or wherein the thermally-insulating material is selected 
from the group consisting of cross-linked dextran, gelatin, 
agarose, polyacrylamide, poly acrylates, silica, and 
poly (styrene-divinyl benzene). 
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Definitions 

Accelerate: To increase the rate of a chemical reaction, 

preferably by at least 10%, more preferably by at 
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least 50%, and most preferably by at least 100% or 
more. 

Aqueous Solution: A liquid medium that is more than 50% 
water by volume. 

5 Artificial Antibody (or Receptor) : A synthetically produced 
molecule that contains a binding pocket designed 
to be complementary in shape and/or charge to a 
molecule which it binds. It may be made of a 
single molecule, such as a small organic molecule 

10 or a man-made polymer, or it may be a bulk 

substance such as an acrylic polymer particle or a 
surface of silica. The artificial biomolecule 
specifically binds to the complementary molecule. 
Artificial Enzyme: A synthetically produced molecule that 

15 has one or more binding sites that are 

complementary in shape or charge to another 
molecule. The artificial enzyme binds to the 
complementary molecule and causes the bound 
molecule to undergo a chemical transformation. 

20 Chemical Reaction: The chemical transformation of one or 
more molecules (reactant (s) ) to form one or more 
molecules (product (s) ) . 
Composite: A solid made of two or more- distinct types of 
materials or molecules. 

25 Dielectric Heating: Heating of a dielectric (electrically- 
insulating) material by electromagnetic radiation 
in the wavelengths between approximately 5 cm and 
100 m. 

Lossy Material: A (dielectric) material that loses absorbed 
30.. microwave energy in. the form o.f heat, 

MATTR : "Microwave-Accelerated Targeted Triggered 

Reaction" technology. 
Microwave; Electromagnetic radiation in the range of 10 8 to 
10 n Hz (1m to 1cm) . Dielectric heating occurs in 
35 this range, but also occurs at longer (radio) 

wavelengths (up to lOOmf , which could be 
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alternatively used. Overall, dielectric heating " 
frequencies span wavelengths of about 5cm to 100m. 
Microwave Oven: A device that emits microwave radiation at 
a pre-deterrained wavelength into an internal 
5 chamber. The chamber is sealed to limit the 

escape of microwaves. 
Molecular Imprinting: A process whereby specific binding 
sites to a chosen target (imprint) molecule are 
introduced into synthetic materials. The binding 
J material is usually an organic polymer. 

¥ Typically, functional and cross-linking monomers 
are co-polymerized in the presence of the imprint 
molecule, which acts as a molecular template. 
Subsequent removal of the template molecule 
reveals binding sites that are complementary in 
shape and size to the imprint molecule. In this 
way, molecular memory is introduced into the 
polymer, enabling it to re-bind the imprint 
molecule with high specificity. 
Organic Solution: A liquid medium that is more than 50% 

organic solvent by volume. 
Porous: A solid material containing channels through which 
water and other liquid molecules can pass. 
. Thermal Proximity: The situation in which one substance is 
close enough to a second substance to permit 
substantial heat transfer to occur between them. 
In preferred embodiments, the first and second 
substances are bathed in an aqueous or organic 
liquid solution. In many instances, the bulk of 
the cooler substance is not .in thermal proximity., 
with the first substance and thus does not receive 
substantial heat transfer. 
Thermocouple: A sensor for measuring temperature consisting 
of two dissimilar metals, joined together at one 
end. The metals' produce a small unique voltage at 
a given temperature. The voltage is measured and 
interpreted by a thermocouple thermometer. 
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Zeolite: Porous inorganic solids used in catalyzing 

chemical reactions. Zeolites are rigid structures 
based on regularly repeating patterns of aluminate 
and silicate tetrahedral linked by oxygen atoms.- 

5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Background: Enzym&s, Antibodies, and Uncetalyzed Reactions 

Often it is desirable to accelerate the specific 
reaction of a single chosen chemical in the presence of 
other non-chosen chemicals. In a preparative chemistry 
10 example, in drug manufacture it is often desirable to 
accelerate a chemical reaction (for example, ester 
hydrolysis) of one enantiomer in a bulk racemic mixture. In 
an analytical chemistry example, in medical diagnostics it 
is desirable to accelerate a specific chemical reaction to 
15 signal the presence of one specific type of molecule in a 

vast milieu of other types of molecules. These are just two 
of many examples of specific acceleration of chemical 
reactions in the presence of a mixture of types of 
molecules. An improved means of accelerating specific 
20 chemical reactions would have many practical applications in 
both preparative and analytical chemistry. 

Reactions of analytical utility include those that 
result in a change in color, luminescence, fluorescence, 
electrochemistry, or any other detectable physical property. 
25 Preparative reactions are too numerous to list, but include 
hydrolysis and/or enantioselective reactions. Any 
preparative reaction in aqueous solution is amenable to the 
descr ibed_method . 

Nature's best-known method of accelerating specific 
30 chemical reactions is by the use of enzymes. Enzymes are 
proteins- that act as catalysts through a two-step process. 
In the first step, the reactant ("substrate" (S) ) reversib'ly 
binds to a specific area of the enzyme called the "active 
site" to form a non-covalent complex (ES) . In the second 
35 step, the enzyme causes an acceleration of a specific 



WO 02/29076 

- 



- 17 - 



PCT/US01/30617 



10 



15 



20 



25 



30 



chemical reaction of the substrate to form product (P) . The 
process can be shown as follows; 

E+S+=ZES + 

The second step (chemical step) requires energy to pass 
a free energy barrier. The highest point in the free energy' 
barrier is the transition state of the reaction - the most 
energetically unfavorable point along the reaction pathway. 
Enzymes function by tightly binding to and stabilizing the 
transition state. Transition state stabilization lowers the 
free energy barrier and encourages the reaction to proceed 
to form product. Thus, enzymes act by using binding energy 
to reduce the amount of free energy required of pass the 
free energy barrier. 

Uncatalyzed reactions also pass free energy barriers. 
In the absence of a catalyst, such as an enzyme, to lower 
the free energy barrier, such reactions may be energetically 
highly unfavorable. However, uncatalyzed reactions may also 
be accelerated. Even though the free energy barrier is not 
lowered in an uncatalyzed reaction, the transition state of 
a reaction can still be reached with high frequency by 
external addition of energy into the reaction. Most 
commonly, uncatalyzed reactions are accelerated by the input 
of heat. Thermal energy causes the reactant molecules to 
more frequently reach the energy of the transition state and 
to pass the free energy barrier to form product. The 
process of an uncatalyzed reaction is as follows (R is 
reactant, P is product); 

R >P 

Antibodies, like enzymes, are proteins. However, 
unlike enzymes, antibodies do not accelerate chemical 
reactions^. Enzymes specifically bind to the transition 
state of a reaction, causing reaction rate acceleration. 
Antibodies on the other hand bind to the ground state of a ' 
chemical reaction. * Because of this, antibodies do not lower 
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the free, energy barrier of a chemical reaction and hence do 
not enzymatically accelerate chemical reactions. Moreover, 
antibodies have no mechanism by which they can supply 
external energy (such as heat) to accelerate chemical 
5 reactions. Hence, antibodies merely bind to specific 
substances and do not cause chemical reaction rates to 
accelerate. The process of antibody (Ab) binding to antigen 
(Ag) is as follows; 

Ab + Ag^=±Ab»Ag 
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The Challenge: How to Combine Specif ic 

With Directed Thermal Energy to Create "Artificial Enzymes. 

Many scientists have attempted to design artificial 
enzymes by making molecules with binding complementarity to 
the surmised transition state of a chosen reaction. The 
designer artificial enzymes have included catalytic 
antibodies, catalytic plastic polymers, and catalytic small 
molecules. However, none of these methods has proven to 
show widespread practical application. One major reason is 
the difficulty of making catalysts that are precisely 
complementary to hypothetical reaction transition states 
that are highly unstable and cannot be isolated or directly 
♦ observed. 

As seen from the discussion above, an alternative way 
of making artificial enzymes could be to combine the 
25 exquisite binding specificity of antibodies with the 

external input of some form of energy such as heat. The 
difficulty with this approach is that the added energy must 
be directed- to the bound react-a-nt. If heat, for example, -is. 
simply added to the reaction mixture, it will 
indiscriminately cause acceleration of all chemical 
reactions equally. Thus, the key challenge, which is 
overcome by this invention, is the directing of applied 
energy to specifically bound reactants. The energy is 
specifically directed to the bound reactant as follows (B is 
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binding molecule (such as an antibody or plastic polymer) , R 
is reactant, A is heat (energy), and P is product); 

* B+R+=±BR—^-+B + P 

Dielectric Heating 

5 Until recently in the history of mankind, conventional 

bulk heating (fire, etc.) was the only method of causing 
temperature increases (and acceleration of chemical 
reactions) . In the past half century, a new fundamentally 
distinct form of heating has been developed called 
10 dielectric (microwave) heating. In dielectric heating, 
microwave radiation is applied to a sample. Compounds 
within the sample that are dielectrics that absorb 
microwaves of the applied frequency undergo increases in 
temperature. Dielectric materials have unique spectral 
characteristics of frequency versus heating ability, with 
different substances heating more effectively at different 
frequencies. The most important aspect is that in contrast 
to conventional heating, where the heat is applied from the 
outside and moves inward, in dielectric heating, the heating 
is directed to materials with characteristically appropriate 
dielectric properties. Although dielectric heating is 
referred to here as microwave heating, dielectric heating 
can also occur at radio frequencies. This invention is 
intended to include those effects. 

According to the Arrhenius equation, the rate of a 
reaction can increase from a decrease in the activation 
energy (i.e., a change in the reaction mechanism, as with 
enzymes) or from an increase jln the pre-exponential factor, 
which reflects the frequency and efficiency of collisions 
between reacting particles. The second reason is closely 
related to the mechanism of action of microwaves on 
substances and is major reason for a considerable 
acceleration of chemical processes in a microwave field 
(Kubrakova, 2000) 
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Dielectric heating depends on a number of factors 
including the frequency of the microwave irradiation and the 
absorption properties of the dielectric at that frequency. 
All dielectric materials have characteristic absorption 
5 spectra (frequency vs. heating ability). For example, in a 
conventional kitchen microwave oven, the microwave frequency 
(2.45 GHz) is very good for heating water, but not good for 
heating other materials (for example, an cup that holds the 
water) . If the frequency of the microwave emission would be 

10 changed, in theory one could heat the cup but not the water 
(depending on the relative dielectric absorption 
characteristics of water and the cup). Thus, it is possible 
to heat materials in water without heating the water using 
dielectric heating. Of course, once the material is heated; 

15 heat will transfer into adjacent water unless the heated 
material is covered with a heat-insulating layer. 

The dielectric is chosen (initially by literature or 
screening of compounds), covered by binding molecules (for 
example by covalent attachment, adsorption, entrapment 

20 (inside the macroporous or mesoporous insulating layer), 
etc., this layer may be coated with a porous layer. The 
dielectric is added to an aqueous or organic solution of 
reactant. Microwave irradiation occurs, and the appropriate 
product .is formed. 

25 Physical Components of a Preferred Embodiment of the 
Invention : 

The physical components of a preferred embodiment of 
the invention are: 

1) A microwave/radio frequency source. The reactions are 
30 preferably carried out within a chamber of a microwave 

generator. The microwave emission can be in the range 
of 300 MHz to 300,000 MHz (approx. 3m to 3cm). 
Dielectric heating also occurs at longer (radio) 
wavelengths (up to 100m), which can be alternatively 
35 used. Overall, dielectric heating frequencies span 

wavelengths of about 3cm to 100m. Dielectric heating 
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in this range is considered part of this invention. 
The exact frequency used would depend on the dielectric 
material to be heated. The dielectric would be 
substantially lossier than the solvent at the chosen 
5 frequency. 

Attractive frequencies for this invention are 
0.915 GHz, 2.45 GHz, 5.85 GHz, and 22.125 GHz. The 
U.S. Government currently approves these frequencies 
for use for industrial, scientific, and medical uses 
10 (Boon & Kok, 1989) . Other frequencies may also be 

attractive provided that the emission within the 
microwave chamber is sufficiently shielded (to prevent 
interference with communications uses of microwaves) . 
"Frequency-tunable" microwave ovens can be made and 
15 used for this invention (Microwave Research Center, 

Eagan, MN; Microwave Research & Applications, Inc., 
Laurel, MD) . Most commercially available microwaves, 
including home kitchen microwaves emit at 2.450 GHz, 
although other frequencies are freely available 
20 commercially. For example, Microdry, Inc. (Crestwood, 

KY) and Cober Electronics (Norwalk, CT) sell 0.915 GHz 
microwaves). Of the above-listed frequencies, 0.915 
GHz may be most attractive for aqueous applications 
because water is least susceptible to dielectric 
25 heating at this frequency (Laslo, 1980); 



Relative Loss Factors for distilled H 2 0 
(Susceptibility to Microwave Heating) 


0.915 GHz 


2.450 GHz 


5.800 GHz 


_ 1.4 


11.3 


4.3 



It is envisioned that the reactions can be 
carried out with the dielectric/binding composite 
submerged in a liquid reaction mixture inside a 
microwave-generating oven. The reactant of interest 
30 will preferably be in the solution. By applying 

microwave heating to the dielectric in the reaction 
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mixture, multiple turnovers- (catalysis) will be 
possible at the liquid/solid interface. 

Alternatively, if multiple turnovers are not 
required, the dielectric/binding molecule solid support 
could be removed from solution after a time sufficient 
for the solid phase to capture the desired reactant. 
Then, microwaves could be applied to the 
dielectric/binding composite (for example, in air) . 
Because the bulk solution would be gone, the reaction 
would occur in the specific binding sites without 
multiple turnovers. This type of non-catalytic 
reaction is useful in analytical applications (for 
example in medical diagnostics) . In diagnostics, the 
reactant solution might contain a biological fluid from 
a patient. Following capture of the desired molecule, 
detection can be facilitated by a microwave-accelerated 
reaction. For example, microwaves could cause a color 
change in the analyte. Alternatively, a signaling 
molecule, such as a labeled anti-analyte antibody can 
20 be added. The label on the antibody could undergo a 

reaction upon microwave irradiation to form a colored 
or fluorescent indicator. 
2) A Dielectric Material. The dielectric material will 
preferably be a solid support in contact with the 
liquid reactant solution. The support may have any of 
a variety of geometries. It could be a planar surface 
(e.g., a part of a coating or a wall of a chamber or 
the surface or a chip or cartridge) . A suitable planar 
dielectric can be a chip, such as a multi-analyte 
disposable biological assay chip (protein chip or DNA 
chip) . Such chips may commonly either possess the 
dielectric material as one or more spots on their 
surface, or may comprise a continuous layer (Fig. 2) . 
Alternatively, the dielectric material could be in 
suspension in the form of a particle, such as a bead. 
Molecules that Specifically Bind to the Reactant 
Molecules. Molecules that- specifically bind to the 
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reactant molecule will preferably be attached to the 
surface of the dielectric material. Such binding 
molecules can be, for example, antibodies (or 
derivatives thereof), receptors, receptor ligands, 
enzymes (or derivatives thereof), nucleic acids, 
molecularly imprinted polymers, zeolites, cavitands, or 
any other high or low molecular weight molecule that 
specifically binds to the reactant. The binding 
molecule is preferably thermally proximal to the 
dielectric material. It can be adsorbed, physically 
trapped, covalently bound, or otherwise associated with 
the dielectric material. Alternatively, a layer such 
as a membrane may be cast or placed over the* 
dielectric, so as to be in contact with it. For 
example, nitrocellulose or nylon membranes can be used 
to capture DNA (Fig. 2c) . Capture reagents (antibody 
or DNA, etc.) are adsorbed to the membrane in spots. A 
variety of membranes are available that could be used. 
Particles bearing capture reagent are often entrapped 
in the membranes (Jones, 2001) . 
An Optional Porous Thermally Insulating Layer. 
Optionally, a porous thermally insulating layer may be. 
provided to contact or surround the dielectric/binding 
molecule layer. This layer would allow passage of 
reactant molecules, but would diminish the bulk 
transfer of heat from the dielectric material to bulk 
water or other solvent. For example, this insulating 
layer could be macroporous or mesoporous. In at least 
one example, molecularly- imprinted polymers, the 
insulting layer and the binding molecule could be the 
same. 

An Optional Special Container. A functional 
alternative to the optional porous thermal insulating 
layer is to have an optional special container that 
holds the reaction solution. The container is 
"special" in that it cools the solution. The container 
lining may therefore contain a Peltier cooling device 
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or an Ice-water lining, or another means of withdrawing 
heat from the bulk solution. The effect of such a 
cooling container is to allow microwave heating to be 
more selectively directed to the dielectric material, 
5 and less toward the bulk solution. Heat transferred 

from the dielectric to the bulk solution would be 
transferred to the cooled container lining. Cooling 
containers are well known in many instruments, such as 
spectrophotometers used in cryospectroscopic work. 

10 6) An Optional Monitoring Method. The reaction may be 

monitored by following a physico-chemical change that 
accompanies the formation of product (s) from 
reactant(s). The monitoring method can be a change in 
color, fluorescence, luminescence, mass, or any other 

15 detectable property. The chosen detection method is 

highly dependent on the reaction of choice and the 
scale of the reaction. Suitable detection methods are 
well known. 

7) Additionally, in some cases it may be desirable to 

20 monitor and/or control the temperature of the 

dielectric. A thermocouple can be used to measure the 
temperature of the .dielectric provided that the 
dielectric is structurally amenable (for example a 
chip-based dielectric. One example is if the 

25 dielectric is coated on a disposable chip (i.e., a 

microscope slide) . A thermocouple could be used to 
contact the chip and monitor the temperature during 
heating. Moreover, thermocouple temperature 
measurement could be used to control the temperature by 

30 -controlling. the_ppwer_ of the microwave oven. If the 

dielectric temperature reached a certain level, say 
300°C, the microwave could be automatically shut off. 
When the temperature dropped, to say 290°C, the 
thermocouple would cause the microwave to begin heating 

^5 again. Such thermocouple-based temperature control is 

well known art (Huhmer and Landers, 2000; ASTM, 1993; 
Kreider, 198.9) . Alternatively, temperature can be 
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measured using non-contact spectroscopic techniques 
(Slyanev et al., 2001). Both thermocouples and 
spectroscopic methods have been used to measure 
microchip temperatures (Huhraer and Landers, 2000; 
5 Slyanev et al. 2001) . 

Thus, the main variables in the invention are: (1) the 
microwave conditions used (frequency, time, power, etc.), 
(2) the material composition of the dielectric, (3) the 
reaction to be carried out, and (.4) the molecule that binds- 
10 to the reactant. In addition, the option of a porous 

insulating layer may be considered. Each of .these could be 
different for different applications. Each variable will be 
discussed separately: 

1) The microwave frequency: The parameter that describes 

15 the ability of a dielectric material to convert 

electromagnetic energy into other forms of energy 
(heat) is the dissipation factor or loss tangent 
(Tan5) . For every material, Tan5 is frequency 
dependent. Materials that have much higher values of 

20 Tan5 than the chosen solvent (at a given frequency),- 

are attractive for this invention. The frequency can 
be chosen to optimize the ratio: Tan8 dielectric /Tan5 solvcnt t 
Thus, for the invention to reach its fullest potential, 
the microwave frequency, and the absorbing 

25 characteristics of the dielectric (desired high 

absorbing) and solvent (desired low absorbing) must be 
optimized. In applications where multiple turnovers 
(catalysis) are desired, microwave irradiation can be 
made to occur whi-le the dielectric- i-s bathed-in the _ 

30 reactant solution and the Tan6 dielectric /Tan8 solvent ratio 

possesses greater relevance. If multiple turnovers are 
not desired (i.e., a reaction that is less than or 
equal to stoichiometric) , the dielectric can be removed 
from the solvent prior to microwave radiation. Thus, 
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when microwaving in air, for example, the 
Tan8 dielectric /Tan5 aolvent ratio becomes irrelevant. 

2) %he dielectric material: As described in 1), for 

aqueous reactions it is desirable to use dielectric 
materials that have higher loss tangents than the 
solvent (if catalysis is desired) . A list of materials 
that have higher values of Tan5 than water (as a 
solvent) is shown below. All of these materials (and 
others not listed) can be used in the invention (note: 
investigator-to-investigator differences are usually 
due to differences at which the data were collected):' 



Frequency 


Tan5 (water) 


Tan5 (dielectric) 


3 GHz 


1570 


ethylene glycol 10,000 



15 



Effect of microwave heating on temperatures of solids 
1 min heating: 

Water: (560W, 2.45 GHz oven) 81 C 

Carbon: (500W, 2.45 GHz oven) 1283 C 

Nickel: (500W, 2.45 GHz)384 C 

Copper oxide: (500W, 2.45 GHz) 701 C (0.5 min heating) 



20 



Material* 



Tan5 915 MHz 



barium titanate 0.20 
clay (20% water) 0.47 
manganese oxide 0.09 
water 0.043 
*Buffler and Risman, 1996 



Tan5 2450 MHz - 



0.30 
0.27 
0.17 
0.12 
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A material with a. high dielectric constant is 
barium titanate (BaTi0 3 ) . The dielectric constant is 
200-16,000 (compared with 80 for water). Barium 
titanate can be formed into films and has been used in 
analytical devices (Ewart et al, U.S. Patent 
5,922,537). Moreover, in addition to barium titanate, 
methods for forming thin and thick films of other 
ferroelectric materials at low temperature have 
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improved steadily. Known high dielectric constant 
inorganic titanates, niobates, and ferroelectric 
polymers can be formed by many processes including low 
temperature chemical vapor deposition, laser photo- 
ablation deposition, sol-gel processes, RF magnetron 
sputtering, screen printing and firing, (in the case of 
the polymer) spin coating, and other methods (Yang et 
al., 1998). 

Natural clay can also be used as a moldable 
dielectric (see tables above,, m addition, a 1:1 w/w 
mixture of alumina-magnetite (Al 2 0,-Fe,0,) can be used 
as a dielectric support that heats strongly (Bram et 
al., 1991). Clay differentiates itself from water as a 
microwave absorber at 915 MHz much more than at 2450 
15 MHz (compare in Table above) . 

Another material that could be used is carbon. The use 
of carbon as the dielectric is described elsewhere in 
this document. 

Many additional dielectric materials can be 
identified by screening dielectrics for their ability 
to heat substantially faster than solvents such as 
water during microwave irradiation. Class I 
dielectrics (dielectric constants typically less than 
150) and Class I! dielectrics (dielectric constants 
typically in the range of 600-18,000) can be used 
(technical brochure, Novacap, Inc., Valencia CA) 
Other suitable materials include organic polymers, ' 
alurainum-epoxy composites, and silicon oxides. The 
microwave frequency can be varied as well. This simple 
screening procedure would yield. conditions (frequency 
and material). that would direct heating toward "the ~ 
dielectric material without substantially heating 
water. Indeed, a company, Symyx Technologies, Inc. 
( www.symyx.com ) routinely carries out combinatorial 
synthesis of novel materials to discover those with 
attractive qualities such as unique dielectric 
properties (Schultz et al., U.S. Patent 5,985,356). 
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Still other materials that heat substantially 
under RF irradiation include ferrites and 
ferroelectrics. 

Other types of materials that are well known to 
5 heat dramatically under microwave irradiation are 

various ceramics; oxides (A1 2 0 3 , for example) , non- 
oxides (CrB and Fe 2 B, for example), and composites 
(SiC/Si0 2/ for example) . Numerous materials are 
processed (sintered, etc.) by exploiting their 

10 microwave heating characteristics. (National Academy of 

Sciences USA, 1994) . 

Composite materials can be heated by microwaves. 
For example, materials that are normally transparent to 
microwaves can be heated by adding polar liquids or 

15 conducting particles. Refractory oxides such as 

alumina, mullite, zircon, MgO, or Si 3 N< have been made 
to couple effectively with microwaves by the addition 
of electroconductive particles of SiC, Si, Mg, FeSi, 
and Cr 2 0 3 . Oxides of A1 2 0 3 , Si0 2 , and MgO have been 

20 effectively heated by the addition of lossy materials 

such as Fe 3 0 4/ Mn0 2 , NiO, and calcium aluminate. 
Mixtures of conducting powders, such as Nb, TaC, SiC, 
MoSi 2 , Cu, and Fe, and insulators such as Zr0 2 , Y 2 0 3 , 
and A1 2 0 3/ have coupled well with microwaves. Various 

25' materials in solution (zirconium oxynitrate, aluminum 

nitrate, and yttrium nitrate) that are good couplers 
have also been added to enhance microwave absorption of 
powdered insulating oxides. 

Addition of conductive materials in various 

30 shapes including ..powder, flake, sphere, needle, chip, 

or fiber, would cause the heating of low loss 
materials. For example carbon black or metal pieces 
with sizes ranging from 0.1-100 urn can increase the 
heating properties when used as inclusions. The nature 

35 and concentration of such materials can be optimized 

without undue experimentation-. (Committee on Microwave 
Processing of Materials et al., 1994) 
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3) The reaction carried out could be virtually any 

chemical reaction in which the reactant (s) can be bound 
to a specific binding reagent. These include all known 
enzyme-catalyzed reactions and all known zeolite 
reactions, it also includes reactions not know to be 
catalyzed by natural catalysts. The key features are; 
(1) the reactant (s) be able to be specifically bound, 
and (2) the reaction be accelerated by heat. 

The reactant binding molecule can be any molecule that 
is capable of specifically binding the reagent(s). if 
more than one turnover is required, then the binding 
molecule should also be heat stable. The molecule may 
be low or high molecule weight, natural or manmade. 
Typical binding molecules could be molecularly- 
imprinted polymers and zeolites. Any of a variety of 
modes of attachment to the dielectric can be employed. 
For example, molecularly-imprinted polymers can be 
polymerized around dielectric beads or particles. 
Alternatively, molecularly-imprinted polymers can be 
formed as thin layers on surfaces (Shi et al., 1999. 
Glad et al., 1985; Kempe et al., 1995; Burow and 
Minoura, 1996; Mathew-Krotz and She, 1995; Dai et al 
1999; Norrlow et al., 1984). zeolite crystals can be' 
grown on dielectric surfaces or be coated by the 
technique of dip coating (van Bekkum et al., 1994; 
Jansen et al. , 1994) . 

The optional porous layer can be any material that 
permits the passage of reactants and products and has 
some thermal insulating properties. Essentially, the 
purpose of this layer" is to slow heat conduction from 
the dielectric to the bulk aqueous phase. This layer 
may not be necessary, especially if the amount of 
dielectric is small compared to the volume of water 
Many types of porous materials are polymers. 

In general, the porous layer can be any material 
that allows the reactant (s) to pass through pores in 
its surface to reach their specific binding sites. The 
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porous layer should be made from a material that has 
thermal insulating properties, although any ability to 
slow diffusion of water will be beneficial. Some 
materials that could be used are organic polymers, 
5 which could be crosslinked or formed on the surface or 

adsorbed and crosslinked dextran, gelatin, or agarose. 
Others include synthetic polymers such as acrylates, 
polyacrylamide, silica, and poly (styrene- 
divinylbenzene) . 

10 Preferred Methods and Compositions of Matter 

There are numerous ways of practicing the present 
invention. Some variables include: altering the microwave 
frequency and power, altering the identity of the microwave 
susceptible material, altering reaction surface shape 

15 (planar or spherical), altering the reagent capture 

mechanism (antibodies, DNA, covalent, non-covalent, etc), 
and altering the identity of the reaction to be accelerated, 
and practical applications (analytical, bioanalytical, 
preparative, etc.). Described below is an overview of some 

20 variables and their practical application. Also described 
are the current best ways of carrying out the microwave 
accelerated targeted reactions. 

One highly attractive format for the invention is to 
use it on "chips," i.e., disposable planar surfaces, often 

25 made on microscope slides (for example, 1x3 inch 

rectangles of glass or 5 inch x 5 inch plates of glass) . By 
spotting using jet printing or other fine depositions 
methods results in from one to thousands of reaction spots. 
As "shown in Figure' 2, the chips can have the microwave- 

30 susceptible material on the chip either by various shapes 
including spotting or by having a contiguous layer. Small 
volume analyses on such so-called "microchips" (Schmalzing 
et al., 2000) enable huge numbers of assays to be performed 
on a single chip. Arrays, or "microarrays", on chips can be. 

35 used for analytical purposes . Thousands of assays can be 
performed on a single chip using deposition technologies 
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know in the art which are commercially widely available 
(Pasinetti, 2001; Lennon, 2000; Cooper, 2001; Draghici, 
2001; Zubritsky, 2001). For example, an array of spots can 
be used to detect genetic mutations in a myriad of genes. 
Chips made employing the present invention can be used in 
numerous analytical applications including but not limited 
to; biochemical research, medical diagnostics, water 
testing, food pathogen testing, and chemical/biological 
warfare agent testing. 

Other uses for chips are in the field of combinatorial 
chemistry (Dolle, 2000) . Numerous unique chemical compounds 
can be synthesized In situ on chips. For example, thousands 
of different peptides could be prepared by conventional 
solid phase procedures on a chip. The combinatorial 
chemistry chips could then be used analytically to assay the 
solid phase chemical libraries. For example, the chip could 
be exposed to an solution of chemiluminescently-labeled 
enzyme solution and binding could be detected. Such an 
assay format could be used to discover enzyme inhibitors. 
Similarly, receptor binding to combinatorial libraries of 
potential ligands could be conducted. 

The chips (or alternative dielectric surface) can also 
be coated with material for solid phase extraction of 
analytes from a bulk solution. Solid phase extraction can 
be non-specific (adsorption), immunoabsorption, or by using 
molecularly-imprinted polymers (Fleisher & Boos, 2001; 
Krishnan & Ibraham, 1994). 

Many attractive potential uses of microwave targeted 
reactions are in the fields of biotechnology/medicine. In 
these cases, measured analytes have biological function. 
Any conventional assay such as an immunoassay or a DNA probe 
assay can be carried out by the described technology. In 
these assays, well-known chemical conversions would occur 
causing a detectable physicochemical change in some label. 
For example, chromogenic, fluorogenic, or luminescent 
reactions . 



WO 02/29076 



- 32 - 



PCT/US01/30617 



Yet another assay format that could be used is 
molecular beacon technology (Robinson et al. # 2000). With 
molecular beacons, hybri'dized strands of nucleic acid are 
detected by fluorescence emission and quenching by end- 
5 labeled nucleic acid probes. One end has a fluorophore, the 
other a quencher. Upon hybridization the ends separate and 
fluorescence is detectable. Using microwave heating, the 
probe could be released back into solution at a temperature. 
The temperature of separation (melting temp) could be 
10 determined by fluorescence quench upon release. 

The most attractive detection format is chemiluminescence 
(CL) . These are described in greater detail below in the 
section delineating sample practical applications in 
medicine . 

15 A preferred way of conducting the procedure is to use 

carbon particles as the dielectric. Carbon may be activated 
carbon/charcoal (Sigma-Aldrich Chemical Co.), carbon black 
(Columbia Chemicals, Marietta, GA; Reade Advanced Materials, 
Providence, RI), graphitized carbon particles (Polysciences, 
20 inc. Warrington, PA) or dextran-coated charcoal beads 

(Research Diagnostics, Inc.). Preferably the carbon beads 
are coated with a polymer that is imprinted with the 
reactant (ideally, polymerized around the carbon) . 

Microwave chemistry is a field where chemical reactions 
25 are accelerated using microwave radiation, rather than 

conventional bulk heating. In those inventions, the bulk 
medium is usually heated. The bulk medium is usually not 
aqueous, but organic solvent. In no case has specific 
binding been a component of the heating.. Additionally, 
30 -heating has not been. directed. to a solid dielectric material 
to selectively react proximal reactant molecules. 

Often, it is desirable to accelerate the specific 
reaction of a single chosen chemical in the presence of 
other non-chosen chemicals. In a preparative chemistry 
35 example, in drug manufacture it is often desirable to 
accelerate a chemical reaction (for example, ester 
hydrolysis) of one enantiomer in the presence of a mixture 
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of types of molecules (for example, a bulk racemic mixture). 
In an analytical chemistry example, in medical diagnostics 
it is desirable to accelerate a specific chemical reaction 
to signal the presence of one specific type of molecule in a 
5 vast milieu of other types of molecules. The present 
invention provides an improved means of accelerating 
specific chemical reactions, and as such has many practical 
applications in both preparative and analytical chemistry. 
Reactions of analytical utility include those that 

10 result in a change in color, luminescence, fluorescence, 

electrochemistry, or any other detectable physical property. 
Preparative reactions include hydrolysis and/or 
enantioselective reactions, etc.. Any preparative reaction 
in aqueous or organic solution is amenable to the described 

15 invention. As with analytical applications, preparative 
reactions can be monitored by changes in color, 
luminescence, fluorescence, or any other detectable physical 
property. 

A preferred reaction is the chemiluminescent reaction 

20 between luminol and hydrogen peroxide. As described below," 
this reaction is a well-known signaling reaction used in 
various fields such as medical diagnostics and biomedical 
research. The reaction is temperature dependent and can be 
slowed to appropriate temperature control by adjusting the 

25 pH to a point lower than optimal (see Example 9) . 

Chemiluminescence reactions, such as the luminol- 
peroxide reaction, can be monitored and quantitated in many 
ways including the use of film (for example, X-ray film), or 
electronically using a photomultiplier tube (PMT) or a 

30 charge-couple device (CCD) camera. A PMT-based instrument 
would involve a microwave oven with a window through which 
light is measured. Measurement using a PMT or a CCD camera 
would be collected and analyzed using a personal computer 
and conventional commercial data acquisition/analysis 

35 software (for example, LabVIEW) . Currently a preferred 
method involves the use of film. 
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As described above, the dielectric material can be in 
various formats. Currently the most attractive format is on 
a chip, either as spots or as a layer. The use of a 
"dielectric chip" allows sensitive detection of multiple 
5 analytes. Indeed, microarray chips or microchips are an 
attractive application of the invention. 

Description of Illustrative Practical Applications 

There are numerous practical applications of targeted 
triggered microwave reactions . Many are in the fields of 

10 analytical and preparative chemistry. Some though, are in 
non-analytical fields. For example, a reaction could be 
directed at a toxin (such as a nerve gas) to specifically 
inactivate that toxin. The described invention could be 
useful in any practical application where a chemical 

15 reaction is desired and it is important that that reaction 
is specific for the chosen molecule. 

Very attractive applications are in the biomedical 
analysis. Analyses of biomolecules are critical to 
diagnostic/prognostic evaluations. Moreover, scientific 
20 research depends on the ability to detect and measure 

specific biomolecules. Such biomolecules include but are 
not limited to proteins (immunoassay detection) and nucleic 
acids (hybridization detection) . 

Comparison with Alternative Technologies 

25 Microwave-accelerated chemiluminescence (CL) analysis 

in a medical or research setting has several advantages over 
commonly used technologies. Microwave-accelerated CL-based 
analysis- on-ch-ips--i^— termed herein: as_rMi.qrowave_ 
Accelerated, Targeted, .Triggered Reaction" technology 

30 (MATTR) . 

MATTR technology represents the first use of directed 
microwave chemistry in biotechnology. As a breakthrough 
bioanalytical tool, MATTR has clear advantages over existing 
methods. There are two types of comparable technologies; 
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First are mainstream chemiluminescent analytical 
technologies (Bowie et al., 1996; Roda et al . , 2000). 
Companies marketing these technologies include Tropix 
(subsidiary of PE Corp.)/ which sells enzyme-based CL 
5 reporters, and Amersham Pharmacia Biotech, which sells CL- 
based gel blotting detection systems. Other companies with 
conventional CL-based products include Lumigen, Lifecodes, 
Vector, Invitrogen, and Pierce. The attractiveness of 
MATTR over conventional analytical CL methods can be seen in 
10 Table 1. CL reactions are generally either "flash type" or 
"glow type". Flash-type reactions are instantaneous and 
hence demand fast reagent mixing and analysis. Glow-type 
CL reactions emit low levels of light over a long time 
period (minutes or hours) . 
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A typical glow type reaction involves the 
hydrolysis of chemiluminescent dioxetane compounds. As 
shown in Figure 3, hydrolytic dioxetane luminescence is 
highly temperature dependent. Thus, dioxetanes make 
excellent MATTR labels. • A typical flash type reaction 
involves chemiluminescent acridinium esters. The flash of 
CL of acridinium esters is chemically triggered upon mixing 
with chemical initiators. The reaction rate is slowed to an 
imperceptibly slow rate by lowering the initiator 
concentration. Microwave heating restores the rapid 
reaction rate causing a chemiluminescent flash (Wood, 1984) 

MATTR technology fulfills several criteria, which 
distinguish it as a breakthrough bioanalytical technology 
and as a significant improvement to conventional CL-based 
bioanalyses : 

A CL technology that offers signal generation "on 
demand" (electronically, not by reagent mixing) . m 
MATTR, microwave energy is applied on demand, 
conveniently allowing CL reactions to be triggered ' 
electronically rather than by rapid physical mixing. 
A physically simple analytical instrument to reduce 
costs and minimize maintenance. MATTR requires 
microwave input, which is diffuse and thus simpler than 
technologies that require focused light input 
(fluorescence or spectrophotometry). 

Highly sensitive and extremely rapid analysis. Rapid, 
targeted microwave heating caused by causes a burst of 
CL light, using well-established highly-sensitive CL 
chemistry. 

A technology-capable of multiplexed,-microchip-basea- 
assays. Microwave heating can be spatially directed, 
e.g., to specific areas on a microarray chip by 
patterned dielectric spots. A broadly enabling 
technology, useful for many types of assays. Because 
MATTR incorporated well-established luminescent labels, 
it will be able to be used in all formats of 
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conventional CL, as well as more, it promises to be 
useful in immunoassays as well as DNA probe assays. 

MATTR Instrumentation in Biomedical Analyses 

As described above, CL from a MATTR chip could be 
measured on film or electronically (using a PMT or CCD 
camera) . If a PMT or camera is used, a "MATTR instrument- 
is employed. The basic components of a preferred MATTR 
instrument are shown in Figure 4. The preferred instrument 
includes a microwave oven with a window through which chip- 
emitted light is detected by a PMT or camera. Onset of 
microwave irradiation (acceleration of CL reaction), light 
measurement, and data analysis are carried out, for example, 
using a ^standard PC with appropriate software. Suitable 
data acquisition/analysis software is common and known in 
15 the art. 

One type of MATTR instrument that can be made to measure 
cytokines on chips is described here; 

a suitable microwave oven is made from a microwave 
moisture/solids analyzer (model M2, Denver Instrument 
Co., Arvada, CO). The oven will preferably have a 
single mode microwave chamber to provide a uniform 
power density. The microwave chamber of such an oven 
is small and cylindrical and the energy is focused on 
the sample. The operating frequency of microwave 
emission will be 2450 MHz . The output power of the 
microwave will be 550 W. The power source will be 115 
V, 60 Hz. 

The interior of the oven chamber will be fitted with a 
chip, holder that is aligned with the fiber optic 

->« cables. The fiber optics will run from the 'interior of 

the. microwave to a PMT on the exterior of the oven. 
The chip holder will support disposable dielectric 
assay chips of various sizes (for example, from 1 x 3 
inches up to 5 x 5 inches) . 

35 • A fiber optic detection system to allow chip imaging 
within the microwave chamber. Fiber optics will lead 
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from the chip to a light-recording photomultiplier tube 
(PMT, Hamamatsu model H5784-01), which captures light 
emitted light from the CL reaction, and 
a personal computer will preferably control and 
synchronize the PMT and the microwave source. The 
computer will also preferably run a versatile data 
acquisition, control, analysis, and presentation 
software package, such as LabViEW software (National 
Instruments Corp.). 



10 



15 



20 



MATTR Chemiluminescent -Compounds for Bioanalytical Assays 
There are very many chemiluminescent reactions known 
which efficiently emit light and' can be used for 
bioanalytical purposes. Some classes of CL reactions are 
(each of which has many structural variations); 1,2- 
dioxetanes, aryl oxalates, acridinium esters, luminols, and 
lucigenin. All of these classes have been used 
analytically, either as labels in immunoassays or as 
chemiluminescent enzyme substrates. In most cases, the 
light-emitting chemical reaction that occurs is a 
bimolecular reaction, often with an oxidizing agent. 
Hydrogen peroxide and sodium hydroxide are common second 
reagents. All of the reactions may be accelerated by an 
increase in temperature. There are vendors of these 
compounds such that both free CL compounds as well as CL 
compounds labeled with linkers for protein modification for 
use in immunoassays . 

One type of CL reactant class that is very useful in 
MATTR CL reactions is 1, 2-dioxetane reactions. Dioxetanes 
emit light without any secondary reagent such as hydrogen 
30 peroxide. In addition, dioxetane CL reactions' are 

remarkably temperature dependent as is shown in Figure 3. 
Dioxetanes are used as glow type regents in enzyme 
immunoassays and enzyme assays of alkaline phosphatase, 
glucuronidase, glucosidase, and beta-galactosidase (Tropix 
roster City, CA) . As can be seen from Figure 3, they can be 
converted from glow type reagents to flash type reagents by 
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the use of elevated temperature. Various dioxetanes are 
commercially available from Tropix and other sources and 
methods for conjugating them to proteins have been 
published. In addition, Tropix sells conjugates, which can 
5 be linked to proteins. 

Acridinium esters are another class of CL reagents that 
is useful in MATTR. These compounds react with acids and 
bases in the presence of an oxidizing agent, resulting in 
flash type CL. Several acridinium esters are commercially 

10 available. Lumigen, Inc. (Southfield, MI) sells small, 
water-soluble chemiluminescent labeling acridinium esters 
that are triggered by a -simple chemical reaction to produce 
CL as a rapid flash. The compounds are modified to permit 
covalent attachment to proteins, nucleic acids, and other 

15 biomolecules. The chemical kinetics of these compounds can 
be slowed by judicious dilution of the triggering reagents. 
Flash CL will be restored upon microwave heating. Another 
company, Assay Designs, Inc. (Ann Arbor, MI), also sells 
acridinium ester labeling kits. Their acridinium esters 

20 link to proteins via NHS ester functional groups. Assay 
Designs also sells trigger solutions to affect light 
emission. 

MATTR Chip-Based Immunoassays 

MATTR-based immunoassays may be conducted in any of a 

25 wide variety of formats. For example, a MATTR chip, with 
specific capture molecules on it surface, may be exposed to 
analyte solution, followed by secondary antibody binding (if 
necessary), and washing (if necessary) (Figure 5). 
Immunoassays are performed using either competitive or 

30 sandwich immunoassay formats. The signaling label, a low 

molecular weight chemiluminescent reporter molecule, will be 
present on the appropriate surface-bound molecule. Once the 
binding and washing has been completed, the chip is placed 
in the MATTR instrument and analysis is carried out. 

35 Immunoassay detection of angiogenic growth factors 
One application of MATTR technology is in the 
immunoassay-based detection of cancer-related angiogenesis 
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proteins. Angiogenesis, also called neovascularization, 
occurs in the healthy body during wound healing, in the 
female monthly reproductive cycle, and in pregnancy. 
Angiogenesis is controlled in the body through a series of 
5 "on" and "off" regulatory switches - the main "on" switches 
are known as angiogenesis growth factors (cytokines) while 
the main "off" switches are known as endogenous angiogenesis 
inhibitors. In the healthy body, there is a balance between 
angiogenic and anti-angiogenic factors such that blood 
10 vessel growth is appropriate. 

Tumors express large amounts of angiogenic growth 
factors to recruit their own blood supply. Solid tumors 
require a constant vascular supply, which allows cancer 
cells to maintain their growth advantage. Because of the 
15 relatively large amounts of angiogenesis factors secreted by 
tumor cells, tumor vasculature is abnormally wide lumens, 
irregular blood flow, regions of stasis, and high 
permeability. There are many different angiogenic 
proteins, making them attractive for multi-analyte chip 
20 based detection and measurement. Analysis of angiogenic 

factors is important in biomedical research and in diagnosis 
on treatment of various diseases, including cancer. 

Anti-angiogenic therapy offers a promising anti-cancer 
strategy (Folkman, 1997). Angiogenesis inhibition would 
25 prevent further vessel growth and reduce metastasis, and 

hence inhibit tumor growth. This philosophy is being widely 
pursued. Currently an amazing diverse group of over 20 
anti-angiogenic drugs are undergoing evaluation in clinical 
trials (Saaristo et al., 2000) with many more in various 
30 stages of research and development. 

An example of an immunoassay is one for tumor necrosis 
factor alpha (TNFcc) . TNFa is an angiogenic growth factor 
protein. There are several commercial sources of high 
quality required reagents^ TNFa and appropriate antibody 
35 pairs. R&D Systems (Minneapolis, MN) sells a CL-based assay 
for this protein that could be use.d in a MATTR based assay. 
The assay is a sandwich enzyme immunoassay. With MATTR, the 
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secondary antibody is labeled with multiple copies of a . 
chemiluminescent compound by means known in the art. 

MATTR Chip-Based Nucleic Acid Probe Assays: Cancer Cell 
Gene Expression Analysis 
5 Another practical application of microwave-accelerated 

chemiluminescence on dielectric chips is in nucleic acid 

detection of cancer cells. Molecular oncology is. 

increasingly moving toward the use of multiple biomarkers 

for diagnostic, and prognostic purposes (Sidransky, 1997; 

10 Abati & Liotta, 1996; Marx, 2000). The understanding of how 
individual tumors grow and respond to treatment is based on 
an understanding of how cellular molecules interact to 
affect cell growth, metastasis, and response to anti-tumor 
agents.- Because cancer is a highly individual disease - it 

15 is not one disease but hundreds - it will become extremely 
valuable in the future to be able to detect, not just one or 
two tumor markers, but a large number simultaneously. The 
field of personalized oncology hinges on two features; 1) an 
understanding of the intricate molecular roles of cancer 

20 proteins, and 2) the ability to detect and measure the many 
key molecules, which determine the individual 
characteristics of tumors. MATTR. can play an important role 
in both aspects; MATTR chips may help researchers map the 
pathways of tumors, and provide physicians with critical 

25 information needed to effectively custom-treat a cancer 
patient. In the long term, a potentially important role 
exists for MATTR-based gene expression profiling in cancer 
screening, diagnosis, staging, surveillance, and treatment 
monitoring. 

30 - MATTR also -can-be applied in the detection of assay 

panels in cancer staging and also in the detection of 
minimal , residual disease (MRD) . After cancer is diagnosed, 
the extent or "stage" of the cancer is determined before 
deciding on a treatment plan. Tests are performed to 

35 determine tumor staging (size/extent of tumor), node staging 
(involvement of lymph nodes), and metastasis staging 
(presence or absence of metastasis) . Staging is performed 
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in part with the use of molecular testing for tumor cells in 
blood and sentinel nodes. Tumor staging is a very 
attractive application of MATTR array testing because it 
allows physicians to determine treatment strategies, 
5 particularly about whether or not to prescribe adjuvant 
therapy. 

A second foreseeable nucleic acid diagnostic 
application of MATTR chips is the 'detection of minimal 
residual disease (MRD) . Decision of treatment would be 
10 greatly enhanced by a multi-analyte cDNA panel showing able 
to detect circulating cancer cells at low levels 
undetectable by other methods. Using MATTR, some patients 
in clinical and pathological remission will show evidence of 
''molecular disease", which has clear diagnostic and 
15 therapeutic implications. Molecular diagnostics has great 
potential in identifying MRD. 

It is clear that future testing will involve detection 
and measurement of arrays of cancer-associated biomarkers. 
Multi-analyte panels have clear advantages over single 
20 analyte testing. With multiple markers, there is much less 
chance of false positives/ negatives. In addition, perhaps 
most importantly, is that multiple biomarkers will give a 
clearer and more complete picture of the tumor's 
characteristics. For example, the likelihood of drug 
25 resistance or metastatic potential could be confidently 
determined. In most cancers, the ideal panels for these 
determinations have yet to come into focus. MATTR chip 
technology can also become a powerful clinical- trials and 
basic research tool. Versatile arrays will be useful in 
■30 developing .important analytical arrays. _ 

MATTR technology can be used to detect mRNA in cancer 
cells to determine which of several important cancer 
proteins are being produced. Analysis will be performed on 
cDNA prepared from cellular mRNA by RT-PCR. RT-PCR is a 
35 powerful and sensitive method for amplifying specific 

cellular jnRNA (Latchman, 1995) and is becoming a powerful 
method for both qualitative and quantitative molecular 
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diagnostics (Freeman et al., 1999). In RT-PCR, mRNA is 

isolated (either total or polyadenylated RNA) . RNA is then 

reverse-transcribed to complementary DNA (cDNA) using the 
*■ 

retroviral enzyme, reverse transcriptase ("rt") . Primers 
5 (gene specific or universal) are required to initiate 

reverse transcription. Product cDNA is amplified, as with 
the polymerase chain reaction ("PCR"), etc., to give 
detectable quantities of cDNA. RT-PCR is an established 
method that is often used to detect cancer gene expression 

10 (for a review, see Seiden & Sklar, 1996). In almost every 
published report of RT-PCR analysis of cancer gene 
expression, only a single type of mRNA has been detected, 
and detection has been via electrophoresis and detection by 
radiolabel or stain. 

15 Currently, single tests of individual gene mutations 

and expression are used clinically in oncology for detection 
of tumor cells. Someday, vast cDNA microarrays will be 
commonly used to detect and characterize tumor cells on the 
level of the whole genome (Schena et al., 1995; Harkin, 

20 2000) . In the short term, smaller panels of selective tests 
will become extremely valuable in the sensitive detection 
and characterization of tumor cells. Array testing of 
cancer gene expression will not only provide a more reliable 
diagnosis, but also will offer a much more informative 

25 picture of a patient's prognosis. 

Analysis of Nucleic Acids: 

MATTR-based nucleic acid analysis will have much in 
common with immunoassays analysis by the same technology. 
The major differences are described here. Assays may take 

30 place as follows; 

(1) A MATTR chip (Figure 6), with specific capture 
molecules on its surface, is exposed to analyte solution and 
the analyte binds to the surface. In one type of assay, the 
captured analyte is detectable because it itself has been 

35 pre-labeled with CL molecules (Schena et al., 1995). The 
target cDNA can be labeled using any of the many well-known 
methods and reagents (TriLink BioTechnologies , Inc. San 
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Diego, CA; Glen Research Corp., Sterling, VA) . It is 
preferable to label the target with multiple CL reporter 
groups. For example, DNA can be chemically biotinylated and 
the biotin-DNA molecule can bind streptavidin labeled with 
5 multiple luminol molecules (Figure 6) - Alternatively a 
sandwich type format can be employed in which a secondary 
probe is used (Kricka, 1999) . In this format, the primary 
probe, immobilized on the chip, captures the unlabeled 
target molecule, which in turn captures the CL-labeled 
10 secondary probe. 

The capture molecule layer is spotted on a nylon 
membrane (Fig. 6). The nylon may be a full-size overcoat or 
punched into small circles. The actual spotting process is 
carried out using a manual microarray spotter (Xenopore 
15 Corp.), which can deposit spots on a standard 1" x 3" 

microscope slide. The manual microarrayer is a simple bench 
top device, measuring only 5" x 5" and weighing less than 
three pounds. It requires no external power source. 
Uncoated or derivatized glass microscope slides, coverslips, 
20 porous membranes, gels, or plastics. 

(2) Once binding has been completed, the chip is placed 
in a chip holder in a MATTR instrument and measurement is 
made. It should be noted that, as expected, the microwave- 
generated heat will denature the analyte, but the signal 
25 will not, be affected. 

Description of Analysis of a Specific mRNA 

Expression of a specific cancer gene in a tumor cell 
line can be detected, for example, using a modification of 
the method of Leitzel et al. (1998) in which RT-PCR was used 

30 to detect EGFR mRNA in tumor cell lines. EGFR is a notable . 
prognostic marker in breast cancer. 

The appropriate cell line expressing EGFR is cultured 
(A431 epidermoid carcinoma cells (American Tissue Culture 
Collection, Manassas, VA) as well as a control cell line. 

35 Appropriate hybridization primers, which could be used on a 
MATTR chip to demonstrate the detection of EGFR cDNA are 
disclosed by Leitzel et al. (1998). Total RNA is isolated 
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from cells, and RT-PCR is performed. During RT-PCR, the 
cDNA is labeled with biotin by established procedures. 
Biotinylated cDNA is captured on a nylon-coated MATTR chip 
by specific primer. Luminol- labeled streptavidin is then 
5 added, which binds to the captured biotin. Addition of a 
small amount of peroxide and microwave irradiation results 
in light emission, which is detected by film or electronic 
means . 

Having now generally described the invention, the same 
10 will be more readily understood through reference to the 
following examples, which are provided by way of 
illustration, and are not intended to be limiting of the 
present invention, unless specified. 

EXAMPLES 

15 Example 1: Microwaves Preferentially Directed to 
Carbon Particles Suspended in Water 

An experiment was carried out to test whether carbon 
particles in water would heat substantially faster than the 
water they are suspended in. The experiment involved a 

20 conventional kitchen microwave oven (Panasonic NN-S949, 1100 
W output, 2.45 GHZ). Carbon is known to be lossier than 
water at the emitting frequency. Thus, a suspension of 
.carbon (approx. 200 mg) in water (approx. 100 mL) should 
heat faster than neat water. Water (100 mL) was heated in 

25 the absence or presence of ground carbon (charcoal 

briquettes (Super G, Landover, MD) were ground to a powder 
using a mortar and pestle). After 1.0 minute of 
microwaving, the carbon-containing water was nine degrees 
warmer (83° F) than water alone (74° F) . (The heated carbon 

30 transferred its heat to water, which I measured) . The 

experiment was repeated and similar results (nine degrees 
hotter in the presence of carbon) were found. This shows 
that substances can be preferentially heated in water by 
dielectric heating. Alternatively, a different dielectric 

35 material could have been used which heated much faster than 
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carbon at 2.45 GHz, or a different frequency could be used 
which does not heat water well, or both. 

Example 2; Microwaves Preferentially Directed to 
Hydra ted Clay 

5 Three experiments were carried out to test whether 

hydrated clay would heat substantially faster than the 
water. A report by Buffler & Risman (1996) indicated that 
clay would heat faster than water, especially at 915 MHz. 
Clay is moldable and could be used as .a core dielectric in 

10 beads or as a flat surface in cartridges. To test this 
hypothesis, a 2450 MHz emitting microwave oven was 
employed. Based on the report of Buffler & Risman, any 
positive result in these (2450 MHz) experiments would 
indicate that much better results could be obtained at 915 

15 MHz. 

Experiment J; Approximately 100 mL spring water were 
heated in a plastic microwavable cup for 60 seconds in the 
same microwave as described in Example 1. The temperature 
rose from 25.0° C to 92.5° C. The same volume of water, but 

20 containing approximately 200 mg clay (Bentonite 200 clay, 

supplied as dry powder from Great Lakes Clay and Supply Co., 
Carpentersville, IL) was also heated in the microwave. The 
temperature rose from 25.0° C to 94.5° C. This experiment 
indicated that clay heated more than water and the 

25 temperature change in the presence of clay was due to 

(minor) heat transfer from the (hot) clay particles to the 
bulk water. 

Experiment 2: Approximately 200 mL spring water was 
heated in a plastic microwavable. cup for .45 seconds in the. 

30 same microwave. The temperature rose from 19.0° C to 49.0° 
C. The^ same volume of water, but containing approximately 
50 mg clay (Bentonite 200 clay) was also heated in the 
microwave. The temperature rose from 19.0° C to 52.0° C. 
This experiment provided verification that clay heated more 

35 than water and the temperature change in the presence of 
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clay was due to (minor) heat transfer from the (hot) clay 
particles to the bulk water. 

Experiment 3: Approximately 50 mL room temperature 
spring water was heated in a plastic microwavable cup for 30 
5 seconds in the same microwave. The temperature rose to 68.0° 
C. The same volume of room temperature hydrated Bentonite 
200 clay (minimal liquid water) was also heated in the 
microwave. The temperature rose *to 84.0° C. This experiment 
verifies that clay heats faster than water when exposed to 

10 2450 MHz (1100 W) microwave irradiation. It also indicates 
that the increase in temperature of the clay-containing 
water in Experiments 1 and 2 was due to (minor) heat 
transfer form the substantially hotter clay to the cooler 
water. Microwave heating was directed to clay in the 

15 presence of water. 

Example 3: Preparation of Carbon-Containing Molecular 
Imprinted Polymer Particles That Bind L- 
Phenylalanine-p-Nitroanilide 

There are many possible physical formats in which an 
20 artificial biomolecule is in thermal proximity to the 

microwave-heated dielectric. One type of format is a bead 
or particle. In the embodiment described here, carbon 
particles (the dielectric) and molecular ly imprinted polymer 
(the artificial biomolecule) are formed into composite 
25 particles. 

The polymer is created from monomers and crosslinkers 
in a solution containing both the print (template) molecule. 
Also present in suspension are carbon particles. As 
polymerization occurs, the growing crosslinked polymer 
30 entraps both the template molecule and the carbon particles. 
The polymer/carbon particle composite is ground to small 
fragments. This, the carbon particles and imprinted binding 
sites in the polymer are present in close proximity. 

This example describes in detail the preparation of 
35 such a dielectric/artificial biomolecule composite material. 
The composite can be used to selectively hydrolyze L- 
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degassed by sonication and sparged with nitrogen for 5 
minutes. The mixture is cooled to 4° C. At that 
temperature, the mixture is illuminated overnight using a 
standard laboratory UV source (366 nm) with very gentle 
agitation to prevent the suspended carbon particles form 
settling. 

The formed polymer (solid) is broken into small pea- 
sized ^pieces, then ground to a powder using a mortar and 
pestle. The powder is suspended in chloroform, then 
filtered through a 100 um sieve. Using a sintered glass 
funnel, the print molecule is removed by solvent exchanges. 
A 30:70 mixture of ammonium hydroxide (NH 4 OH) and 
acetonitrile (CH 3 CN) is- used followed by CH 3 CN alone. 
Finally, the composite particles are dried. 

Example 4 : Microwave Hydrolysis -of L-Phenylalanine-p- 
Nitroanilide; Molecularly Imprinted Polymer 
Dielectric Particles in Contact With the 
Reactant Solution 

Hydrolysis of L-phenylalanine-p-nitroanilide (L-PPNA) 
is carried out in the presence of the imprinted composite 
particles described in Example 3. The particles (0.2 g) are 
suspended in a 50 mL solution (0.1 mM) of L-PPNA. The L- 
PPNA solvent is 80% CH 3 CN/20% H 2 0 (water is neutral pH) . 

The particle/substrate solution is placed in a 1100 
25 W/2.450 GHz microwave. Microwaves are generated for a time 
sufficient to accelerate the reaction at the surface of the 
particles. As controls, the same experiments (microwaving 
L-PPNA solutions) are repeated in the absence of particles. 
Analysis of the quantity of p-nitroaniline is carried 
30 out, either by spectrbphotometric or HPLC analysis" (both 
types of analyses are know to those skilled in the art) . 
Results show that more p-nitroaniline is generated in the 
presence of particles. 

To show that microwave hydrolysis is not a result of 
non-specific binding of L-PPNA to the particles, the 
experiments are repeated with D-PPNA. The results show 
that, under identical conditions, more L-PPNA is hydrolyzed 
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than D-PPNA. These results show that the hydrolytic binding 
sites have enantiomeric specificity for L-PPNA. 

Catalytic molecularly imprinted polymers (artificial 
enzymes) have been described previously (Leohhardt and 
5 Mosbach, 1987; Bystrom et al., 1993), but this is the first 
description of an artificial enzyme in which catalysis is 
accelerated through directed heating by microwaves. 

Example 5: Microwave Hydrolysis of L-Phenylalanine-p- 
Nitroanilide; Molecularly Imprinted Polymer 
10 Dielectric Particles in Contact With Air 

Hydrolysis of L-phenylalanine-p-nitroanilide (L-PPNA) 
is carried out in the presence of the imprinted composite 
particles" described in Example 3. The particles (0.2 g) are 
suspended in a 50 mL solution (0.1 mM) of L-PPNA . The L- 

15 PPNA solvent is 80% CH 3 CN/20% H 2 0 (water is neutral pH) . 

Following sufficient time for L-PPNA to reaching 
binding equilibrium with the molecularly imprinted polymers, 
the composite particles are filtered from the reactant 
solution and briefly washed with water to remove excess 

20 reactant. 

The filtered particles are placed in a 1100 W/2.450 GHz 
microwave oven. Microwaves are generated for a time 
sufficient to accelerate the reaction at the surface of the 
particles. As controls, the same experiments (microwaving 

25 L-PPNA solutions) are repeated in the absence of particles. 

Analysis of the quantity of p-nitroaniline is carried 
out, either by spectrophotometric or HPLC analysis (both 
types of analyses are know to those skilled in the art). 
Results show that more p-nitroaniline is generated in the 

50 presence^of imprinted' particles than control "(hon-imprinted) * 
particles. 

To show that microwave hydrolysis is not a result of 
non-specific binding of L-PPNA to the particles, the 
experiments are repeated with D-PPNA. The results show 
)5 that, under identical conditions, more L-PPNA is hydrolyzed 
than D-PPNA. These results show that the hydrolytic binding 
sites have enantiomeric specificity for L-PPNA. 
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Example 6: Preparation of a Zeolite-Coated Clay Dielectric 
Surface 

Zeolites are porous inorganic solids used to catalyze 
specific chemical reactions in many applications, including 
5 the conversion of crude oil to gasoline and the in 

automotive mufflers to remove CO, NOx, and hydrocarbons from 
gaseous exhaust (Rouhi, 2000). The reactions take place 
within confined cavities inside the zeolites. As with any 
chemical reaction, reaction rates within the spaces of 

10 zeolites increase with temperature. 

Zeolites can be immobilized on porous and non-porous 
solid surfaces (van Bekkum et al., 1994; Jansen et al., 
1994), including the surfaces of dielectric microwave- 
responsive materials. Coatings of zeolites can be either 

15 films or layers. A film is a continuous solid phase of 
microporous crystals oriented in a parallel mode on a 
support. A layer is a (dis) continous solid phase of 
microporous crystals more or less disorderly oriented on a 
support. The preparation of zeolite coatings is well known 

20 (Jansen et al., 1994). The coatings can be formed by 
application of the formed zeolites, or by growing the 
zeolites on the surface. 

In this example, Y zeolites (Zeolyst International, 
Valley Forge, PA) are affixed to an approximately 0.5 cm x 

25 0.5 cm surface of Bentonite 200 clay by the technique of dip 
coating. (Alternatively, other dielectric materials such as 
carbon could be used as the support.) Dip-coating is an 
efficient and well-proven method to apply zeolites to 
surfaces and may be used with most support surfaces (van 

30 .Bekkum et al., 1994). The Y .zeolites .are made ±nto_a slurry . 
containing a dissolved polymeric substance, which forms the 
continous phase layer after solvent removal. The binder, 
which is commonly added, which upon curing assists in the' 
formation of a strongly bonded zeolite layer on the surface. 
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Example 7: Microwave-Accelerated Homolytic Cleavage of 

1-Naphthyl Phenylacetate on a Zeolite Y-Coated 
Clay Dielectric Surface 

A Zeolite Y-coated clay chip (Example 6) is placed in 
5 the bottom of a 50 mL beaker. Hexane (20 mL) containing 1- 
naphthyl phenylacetate (NP) (10 mM) is added (Gu et al., 
1999). The beaker is placed in a .microwave oven (Panasonic • 
NN-S949, 1100 W output, 2.45 GHZ) and microwaves are 
generated until the reaction occurs on the zeolite surface. 
10 Following irradiation, the bulk hexane solution is 

characterized by gas chromatography as described (Gu et al., 
1999) . The surface zeolites are extracted into pure hexane 
and the extract is also characterized by GC. The extent of 
the reaction of NP is greater in the zeolite extract than in 
15 the bulk hexane solution (there is a higher product-to- 
reactant concentration ratio) . 

In a second experiment, two zeolite-coated clay chips 
are immersed in separate beakers containing 10 mM NP in 
hexane. One beaker is exposed to microwave irradiation, 
20 while the other beaker is not. The zeolite-clay chips are 
extracted into hexane, and analyzed by GC. The microwave- 
irradiated zeolite will contain a higher product-to-reactant 
ratio than the non-micro waved zeolite. 

' Example 8: Coating a Dielectric Molecular Imprinted Polymer 
25 With an Insulating Mesoporous Silica Layer 

In some cases it might be necessary to further 
encapsulate the dielectric/artificial enzyme composite. A 
porous thermally insulating capsule or layer would reduce 
heat transfer from the dielectric to the bulk solvent. (It 
30 is also noted above, that an equivalent '"result could be 
obtained by cooling the bulk solution using a cooled 
container. ) 

A number of materials, primarily polymers, could be 
used as the insulating layer. The requirements of such 
35 materials are that it must reduce heat transfer while also, 
at least minimally, allowing reactants to pass through. The 
thickness of the porous layer can be optimized depending on 
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various factors including the reaction to be catalyzed, the 
types of ^materials used, and the specific application 
desired. 

In the case of a molecularly imprinted polymer, one 
5 technique is to coat the surface of the imprinted polymer 
with the same polymer, minus the print molecule. Thus, the 
order of materials would be dielectric/imprinted 
polymer /non-imprinted polymer/bulk solution. As referenced 
above, forming layers of polymers is known in the art. 

10 The present example describes how a porous silica layer 

can be used to coat and insulate an dielectric/artificial 
enzyme composite. A dielectric surface coated with a layer 
of molecularly imprinted polymer is coated with silica. To 
coat an imprinted polymer with a silica layer, a stock 

15 solution is first prepared (Makote et al., 1998). The 
solution contains tetramethoxysilane (TMOS), 
phenyltrimethoxysilane (PTMOS), ethoxy ethanol (EE), water, 
and 0.1 M hydrochloric acid. The ratio of TMOS to PTMOS is 
10:1. The pH of the solution is raised to 7 using potassium 

20 hydroxide. After 30 minutes, the solution is coated on the 
dielectric/molecularly-imprinted polymer. The coating 
method can be by using a spin-coater (Makote et al . , 1998 )-, 
or spraying, or dip coating. The resultant coated surface 
is allowed to dry in a dessicator at room temperature. To 

25 further enhance the insulating properties of the silica 

coat, the coating process can be repeated multiple times to 
form multiple layers. 

Example 9: Film-Based Detection of Microwave-Accelerated 
Chemi lumine s cence 

30 A number of experiments were carried out to test the 

invention using chemiluminescence reactions. In the 
experiments, microscope slides were prepared as "chips" on 
which luminol/peroxide reactions took place to give light. 
The chips were either plain (glass) or had a dielectric. 

35 Dielectrics used were barium titanate or activated charcoal. 
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Film was used to detect light from the CL reactions, with 
and without microwave irradiation. 

Experimental: 

Chips: Dielectric chips were made from standard 
5 microscojpe slides (1 inch x 3 inch x 1 mm) (VWR Micro 

Slides). Two types of chips were made. One type was made 
by spotting dielectric slurries onto microscope slides. 
Spots were approximately 0.5 cm in diameter. The CL 
reaction was then run directly on top of (in contact with) 

10 the dielectric- The other type of chip was a sandwich of 
two microscope slides with nothing (control chips) or a 
contiguous film of dielectric between the slides. With the 
"sandwich chips'', the CL reaction was run on the upper glass, 
slide, not in contact with the dielectric layer. The 

15 dielectrics used were barium titanate (Aldrich Chemical Co., 
20,810-8) and activated charcoal (Sigma Chem. Co. C4386) . 
Thick slurries of dielectrics were prepared by mixing with 
water. Barium titanate formed a thick paste and charcoal 
formed a less dense mixture. 

20 Chemiluminescent Reactions: Luminol (3- 

aminophthalhydrazide monosodium salt, Alfa Aesar 44007) 
reacts with hydrogen peroxide at alkaline pH. Solutions of 
• luminol were prepared at various pH values from 

approximately 7.9-10.2. The solutions also contained 

25 copper (II) sulfate pentahydrate and buffer (sodium 

bicarbonate) . Various concentrations and pH values were 
tried, but it was finally determined to use pH 8 . 0 and a 
luminol concentration of .luminol was 4.4 itiM (stock solution, 
wfiich was mixed "1:1 with the peroxide solution to initiate" 

30 the reaction) . At higher pH values the reaction went too 
fast and was apparently more than 'halfway completed in the 
first minute. The lower pH caused the reaction to proceed 
much more slowly. Lower luminol concentrations were 
feasible but 4.4 mM was desired to obtain bright spots on 

35 film. 
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The luminol solution was mixed with an. equal volume of 
dilute hydrogen peroxide to begin the CL reaction. Hydrogen 
peroxide, 3%, was diluted 1:20. This was the stock solution 
(0.15%) . 

5 On chips, the total volume of the spots was either 6.0 

uL (3.0 of each luminol and peroxide) or 3.0 uL (1.5 of 
each) . 

Data Recording: To be most sensitive, the technology 
will use CCD or PMT detection and analysis of CL light. 

10 Alternatively, it is convenient to use film, especially in 
cases where quantitation is not critical, but a qualitative 
measure of some signal is needed. Additionally, a film- 
based system may be attractive where disposables are needed, 
rather than say, a CCD camera. 

15 Data was recorded on sheets of Amersham Hyper ECL film 

and developed according to conventional methods. In all 
cases, under microwave irradiation or not, film was exposed 
to CL chips for 20 seconds. Film development was through 
conventional means (Kodak D-19 developer) . 

20 Chip Holder: A chip holder was made from a music CD 

case. The clear methyl methacrylic case acted as a thermal 
insulator to prevent the film from getting hot. It also 
prevented the film from contacting the reaction surface. 
The CD case had within it a cardboard insert to prevent 

25 chips from moving. The edges of the film were taped lightly 
to the Outside of the CD box over the chips, and the CD box 
was placed in a light-tight cardboard box. The box was then 
placed in a microwave oven (see Example 1 for description of 
the oven) . 

30 Experiments Performed and Results: In all cases, chips 

were used once and discarded. Microwaving was performed on 
a rotating tray to reduce uneven heating. No evidence of 
artifacts due to uneven heating was observed (multiple 
experiments gave results that were in agreement with each 

35 other) . 
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1) Spotted Chips. Initial work with spotted chips gave 
equivocal results. This is believed due to the fact 
that the reagents were spotted directly onto the 
dielectric material. The reactants may have soaked 
into the dielectric layer somewhat or spread unevenly. 
It was difficult to determine the success or failure 
of the experiments using both carbon and barium 
titanate dielectric layers for this reason. It should 
be noted that direct contact of the dielectric and the 
binding reagents is not a requirement of the invention 
(see Fig. 2) . 

2) Sandwich Chips. Results with so-called sandwich chips 
were much better than with spotted chips. As stated 
above, sandwich chips comprise three layers; a 
microscope slide, a middle dielectric layer, and 
another microscope slide. These chips have two major 
advantages over spotted chips used above. One is that 
the reaction occurs on glass (a known surface) rather 
than on an uneven dielectric spot. The second 
advantage is that the dielectric layer is large, 
covering the entire 1x3 inch surface of a slide. 
This larger amount of dielectric means that the chip 
can be hotter. (It should be noted that the surface 
of sandwich chips can be partitioned into hot and cold 
zones by adding additional non-contiguous layers.) 
a) In one experiment 3 uL of luminol stock solution 
was mixed with 3 uL of peroxide stock solution. 
There were 2 spots on each of three chips, glass 
(no dielectric), barium titanate, and activated 
charcoal': "The chips were placed side-by-side *in' 
a chip holder and film taped to the holder. The 
chips were microwave-heated for 20 seconds and 
the film was developed. The developed film 
revealed that there was some light emitted from 
the glass chip (two spots could be seen) but much 
more light emitted from the barium titanate spots 
and the charcoal spots. Indeed, the charcoal 
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chip gave a huge amount of light that was 
scattered, suggesting that the heat (20 seconds) 
was so intense that the reagent spots sprayed. 
CJpon opening the chip holder following 
5 microwaving, the chips were all visible intact 

and the dielectric chips were dramatically hotter 
to the touch than the control chip. 

b) In a second experiment, the experiment described ' 
in a) was repeated. Essentially the same results 

10 were obtained. 

c) In a third experiment, three chips were again 
spotted, this time with 1.5 jj£ each of luminol 
and peroxide per assay (half the amount used 
above) . It was observed by eye that luminescence 

15 a room temperature glowed steadily for several 

* minutes. For this reason, the chips were first 
assayed at room temperature (20 seconds exposure 
to film) , then placed in the microwave with new 
film and exposed for another 20 seconds during 

20 microwaving. After developing, the two films 

were compared. The film exposed to chips (20 
sec.) prior to microwaving showed light spots 
corresponding to the CL reactions on all three 
ships. (Although all were fairly faint, the 

25 barium titanate chips consistently gives darker 

spots in control experiments, suggesting that the 
white color of the dielectric reflects light 
upward to the film.) The film exposed to slides 
during microwaving looked very different. The 

30 glass (no dielectric) chip showed -no -di-f f erence- 

from the room temperature exposure - the spots 
were light. However, the film captured 
dramatically more light over the dielectric 
, chips. The barium titanate chip gave darker 

35 spots that in the control (room temperature) 

experiment. As seen previously, the image of the 
activated charcoal spots was very intense and 
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scattered, suggesting that a very large amount of 
light was emitted and the temperature may have 
been very high. This Experiment demonstrates, as 
above, that microwave heating accelerates CL 
reactions on a dielectric chip. 

d) The experiment described in c) was repeated with 
virtually identical results. The room 
temperature spots were faint, but the microwave 
spots (with the exception of the control spots) 
gave dark images on film. These data clearly 
demonstrate reduction to practice of microwave 
targeted accelerated reactions. 

e) An experiment was performed to verify that the 
dark spots seen on film were indeed from the CL 
reactions and not an artifact of the chips 
themselves. Four chips were prepared; control 
(two glass microscope slides), barium titanate, 
activated charcoal, and another dielectric chip, 
containing Bentonite clay (prepared from powder 

20 with deionized water) . No CL reagents were 

placed on the chips. The four chips were placed 
in the chip holder, X-ray film was attached and 
the holder was microwaved for 20 seconds,. The 
developed film was completely blank, indicating 
that all the darkness on films seen originated 
from CL light emission, 
f) The experiment described in c) and d) was 

repeated except for two' variations . One change 
was that less activated charcoal was used in the 
• chip . Tbe_pther. .change. was_that- four, chips . 

instead of three were used - a Bentonite clay 
dielectric chip was added. Figure 7 shows the 
results. Each vertical lane. is the image from 
one microscope slide-based chip. On the film can 
be seen two faint spots in the Control lane. 
These represent CL emission from two assay spots 
on the glass-only chip. The other chips show 
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stronger light emission; barium titanate spots, 
activated charcoal, and Bentonite clay. All of 
these substances can be used to accelerate 
chemical reactions on a chip. 
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What Is Claimed Is: 

1. A method for accelerating a chemical reaction of a 
reactant specifically bound to a surface, said method 
comprising; 

5 (a) contacting a composite with the reactant, said 

composite comprising a solid material susceptible 
to dielectric heating and a specific binding 
molecule for the reactant, 

(b) applying an electromagnetic field to said 

10 composite, resulting in dielectric heating of the 

said solid material, and 

(c) allowing said heated reactant to react, thereby 
accelerating the reaction. 

2. The method of claim 1, further comprising the step of 
15 measuring the extent of reaction, and controlling the 

application of the electromagnetic field in response to 
said measured extent of reaction. 

3. The method of claim 1, wherein said step of contacting 
comprises mixing said composite into a solution 

20 containing said reactant. 

4. The method of claim 1, wherein the step of contacting 
comprises mixing said reactant into a liquid containing 
said composite. 

5. The method of claim 1, wherein the wavelength of the 
25 applied field is between 5 cm and 100 m. 

6. - The -method -of claim -1-,- wherein said- chemical -reaction 

is hydrolysis, homolytic cleavage, or a 
chemiluminescent reaction. 

7. The method of claim 1, wherein said solid material is 
30 selected from the group consisting of carbon, charcoal, 

amorphous carbon, carbon black, clay, and nickel. 



The method of claim 1, wherein said solid material is 
an oxide selected from the group consisting of copper 
oxide, chromium oxide, silicon oxide, niobate oxide and 
manganese oxide. 

The method of claim 1, wherein said solid material is* a 
titanate s.elected from the group consisting of- barium 
titanate, and an inorganic titanate. 

The method of claim 1, wherein said solid material is 
an alumina compound selected from the group consisting 
of alumina-magnetite, aluminum-epoxy composite and 
calcium aluminate. 

The method of claim 1, wherein said solid material is 
an oxide or non-oxide ceramic, a ferrite, a 
ferroelectric polymer, or an organic polymer. 

The method of claim 1, wherein said solid material is 
selected from the group consisting of Sic, Si, Mg, 
FeSi, Cr 2 0 3 , Fe 3 0<, Mn0 2 , NiO. 

The method of claim 1, wherein said solid material is a 
mixture of a conductive material and an insulator. 

The method of claim 13, wherein said conducting powder 
is Nb, TaC, SiC, MoSi 2/ Cu, or Fe, and said insulator 
is Zr0 2/ Y 2 0 3 , or A1 2 0 3 

The method of claim 13, wherein said conductive 
materials are metals, and wherein said metals are 
granular, flakelike, spherical, needlelike or fibrous 
in shape. 

The method of claim 1, wherein said specific reactant 
binding molecule is selected from the group consisting 
of a molecularly imprinted polymer, a zeolite, an 
antibody, a modified antibody, an enzyme, a modified 
enzyme, a cavitand, a chiral ligand, a low molecular 
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weight organic synthetic receptor, single stranded 
nucleic acid, and double stranded nucleic acid. 

17. The method of claim 1, wherein said specific reactant 
is selected from the group consisting of an antigen, 

5 receptor ligand, enzyme inhibitor, enzyme substrate, 

enzyme product, and oligonucleotide. 
* 

18. The method of claim 1, wherein specific reactant is a 
covalent conjugate of a small molecule and a molecule 
selected from the group consisting of a molecularly 

10 imprinted polymer, a zeolite, an antibody, a modified 

antibody, an enzyme, a modified enzyme, a cavitand, a 
chiral ligand, a low molecular weight organic synthetic 
receptor, single stranded nucleic acid, and double 
stranded nucleic acid. 

15 19. The method of claim 1, wherein said specific reactant 

binding molecule has at least one binding site for said 
reactant, said binding site facilitating more than one 
reaction turnover. 

20. The method of claim 1, wherein said specific reactant 
20 binding molecule has at least one binding site for said 

reactant, said binding site facilitating one reaction 
turnover. 

21. The method of claim 1, wherein said electromagnetic 
field is applied at a frequency of from about 0.9 to 

25 about 25 GHz. 

22. ..The method. of m claim. 21, wherein said electromagnetic 

field is applied at a frequency of from about 0.9 to 
about 6 GHz. 

23. The method of claim 22, wherein said electromagnetic 
30 field is applied at a frequency of from about 0 . 9 to 

about 2.5 GHz. 



The method of claim 21, wherein said electromagnetic 
field is applied at a frequency selected from the group 
consisting of 0.915, 2.45, 5.85 and 22.125 GHz. 



The method of claim 1, in which said composite is in 
the form of a particle. 

The method of claim 1, in which said composite is in 
the form of a planar substrate. 

A method for accelerating a chemical reaction of a 
reactant specifically bound to a surface, said method 
comprising; 

(a) contacting a composite, 'said composite comprising 
a solid material susceptible to dielectric 
heating and a specific binding molecule for the 
reactant, with a reactant-containing solution for 
a time sufficient to allow reactant to bind to 
composite, 

(b) separating the composite-reactant complex from 
the solution, 

(c) applying an electromagnetic field to said 
composite, resulting in dielectric heating of the 
said solid material, and 

(d) allowing said reactant to be converted to 
product, thereby accelerating the reaction. 

The method of claim 27, further comprising the step of 
measuring the extent of reaction, and controlling the 
application of the electromagnetic field in response to 
the measured extent of reaction. 

The method, of claim 27, wherein said applied 
electromagnetic field has a wavelength of between 5 cm 
and 100 m. 

The method of claim 27, wherein said chemical reaction 
is hydrolysis, homolytic cleavage, or a 
chemi luminescent reaction. 
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31. The method of claim 27, wherein said solid material is 
selected from the group consisting of carbon, charcoal, 
amorphous carbon, carbon black, clay, and nickel. 

32. The method of claim 27, wherein said solid material is 
5 an oxide selected from the group consisting of copper 

oxide, chromium oxide, silicon oxide, niobate oxide and 
manganese oxide. 

33. The method of claim 27, wherein said solid material is 
a titanate selected from the group consisting of barium 

10 titanate, and an inorganic titanate. 

34. The method of claim 27, wherein said solid material is 

»■ 

an alumina compound selected from the group consisting 
of alumina-magnetite, aluminum-epoxy composite and 
calcium aluminate. 

15 35. The method of claim 27, wherein said solid material is 
an oxide or non-oxide ceramic, a ferrite, a 
ferroelectric polymer, or an organic polymer. 

36. The method of claim 27, wherein said solid material is * 
selected from the group consisting of SiC, Si, Mg, 

20 FeSi, Cr 2 0 3 , Fe 3 0<, Mn0 2 , NiO. 

37. The method of claim 27, wherein said solid material is 
a mixture of a conductive material and an insulator. 

38. The method of claim 37, wherein said conducting powder 
is Nb, TaC, SiC, MoSi 2 , Cu, or Fe, and said insulator 

25 is Zr0 2 , Y 2 0 3 , or A1 2 0 3 

39. The method of claim 37, wherein said conductive 
materials are metals, and wherein said metals are 
granular, flakelike, spherical, needlelike or fibrous 
in shape. 

30 40. The method of claim 27, wherein said specific reactant- 
binding molecule is "selected from the group consisting 
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15 



41. 



10 42. 



of a molecularly imprinted polymer, a zeolite, an 
antibody, a modified antibody, an enzyme, a modified 
enzyme, a cavitand, a chiral ligand, a low molecular 
weight organic synthetic receptor, single stranded 
nucleic acid, and double stranded nucleic acid. 

The method of claim 27, wherein said specific reactant 
is selected from the group consisting of an antigen, 
receptor ligand, enzyme inhibitor, enzyme substrate, 
enzyme product, and oligonucleotide. 

The method of claim 27, wherein specific reactant is a 
covalent conjugate of a small molecule and a molecule 
selected from the group consisting of a molecularly 
imprinted polymer, a zeolite, an antibody, a modified 
antibody, an enzyme, a modified enzyme, a cavitand, a 
chiral ligand, a low molecular weight organic synthetic 
receptor, single stranded nucleic acid, and double 
stranded nucleic acid. 



20 



43. The method of claim 27, wherein said specific reactant- 
binding molecule has at least one binding site, said 
binding site facilitating more than one reaction 
turnover. 



• 44. The method of claim 27, wherein said specific reactant- 
binding molecule has at least one binding site, said 
binding site facilitating one turnover. 

25 45. The method of claim 27, wherein said electromagnetic 
field is applied at a frequency of from about 0.9 to 
about 25 GHz. ' 



30 



46. The method of claim 45, wherein said electromagnetic 
field is applied at a frequency of from about 0.9 to 
about 6 GHz. 



47. 



The method of claim 46, wherein said electromagnetic 
field is applied at a frequency of from about 0.9 to 
about 2.5 GHz.- 
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48. The method of claim 45, wherein said electromagnetic 
field is applied at a frequency selected from the group 
consisting of 0.915, 2.45, 5.85 and 22.125 GHz. 

49. The method of claim 27, in which said composite is in 
5 the form of a particle. 

50. The method of claim 27, in which said composite is in 
the form of a planar substrate. 

51. A composite comprising a solid material responsive to 
dielectric heating and a binding molecule capable of 

10 specifically binding a reactant molecule. 

52. The composite of claim 51, wherein said solid material 
is selected from the group consisting of carbon, 
charcoal, amorphous carbon, carbon black, clay, and 
nickel . 

15 53. The composite of claim 51, wherein said solid material 
is "an oxide selected from the group consisting of 
copper oxide, chromium oxide, silicon oxide, niobate- 
oxide and manganese oxide. 

54. The composite of claim 51, wherein said solid material 
20 is a titanate selected from the group consisting of 

barium titanate, and an inorganic titanate. 

55. The composite of claim 51, wherein said solid material 
is an alumina compound selected from the group 
consisting of alumina-magnetite, aluminum-epoxy 

25 composite and calcium aluminate. 

56. The composite of claim 51, wherein said solid material 
is an oxide or non-oxide ceramic, a ferrite, a 
ferroelectric polymer, or an organic polymer. 



57. 

30 



The composite of claim 51, wherein said solid material 
is selected from the group consisting of SiC, Si, Mg, 
FeSi, Cr 2 0 3 , Fe 3 0<, Mn0 2 , NiO. 
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The composite of claim 45, wherein said solid material 
is a mixture of a conductive material and an insulator. 

The^ composite of claim 52, wherein said conducting 
powder is Nb, TaC, Sic, MoSi 2/ Cu, or Fe, and said 
insulator is Zr0 2 , Y 2 0 3 , or A1 2 0 3 

The composite of claim 52, wherein said conductive 
materials are metals, and wherein said metals are 
granular, flakelike, . spherical, needlelike or fibrous 
in shape. 

The composite of claim 45, wherein said binding 
molecule is selected from the group consisting of a 
molecularly imprinted polymer, a zeolite,- an antibody, 
a modified antibody, an enzyme, a modified enzyme, a 
cavitand, a chiralj ligand, a low molecular weight 
organic synthetic receptor, single stranded nucleic 
acid, and double stranded nucleic acid. 

The composite of claim^45, wherein said specific 
reactant is selected from the group consisting of an 
antigen, receptor ligand\ enzyme inhibitor, enzyme 
substrate, enzyme product, and oligonucleotide. 

The composite of claim 45, ^wherein specific reactant is 
a covalent conjugate of a small molecule and a molecule 
selected from the group consisting of a molecularly 
imprinted polymer, a zeolite, an antibody, a modified 
antibody, an enzyme, a modified; enzyme, a cavitand, a 
chiral ligand, a low molecular weight organic synthetic 
receptor, "single- stranded nucleic acid, and double 
stranded nucleic acid. 

The composite of claim 51, in which ^said composite ^ 
in the form of a particle. \ 

The composite of claim 51, in which- said composite is 
in the form of a planar substrate. ^ 
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66. The composite of claim 51, wherein said composite 
additionally comprises a porous, thermally-insulating 
coating. 

67. The composite of claim 66, wherein said coating covers 
5 said solid material and said binding molecule. 

68. The- composite of claim 66, wherein said binding 
molecule is bound to said solid material and said 
porous coating covers said binding molecule, the 
porosity of said coating allowing for said reactant to 

10 contact said binding molecule. 

69. The composite of claim 51, wherein said composite 
additionally comprises a specific reactant-binding 
molecule bound to said specific reactant. 

70. The composite of claim 69, wherein said coating covers 
15 said solid material and said binding molecule. 

71. The composite of claim 68, wherein said binding 
molecule is bound to said solid material and said 
porous coating covers said binding molecule, the 
porosity of said coating allowing for said reactant to 

20 contact said binding molecule. 

72. The composite of claim 68, wherein said specific 
reactant-binding molecule is selected from the group 
consisting of a molecularly imprinted polymer, a 
zeolite, an antibody, a modified antibody, an enzyme, a 

25 modified enzyme, a cavitand, a chiral ligand, a low 

molecular weight, organic synthetic receptor, single 

stranded nucleic acid, and double stranded nucleic 
acid. 

73. The composite of claim 72, wherein said specific 

30 reactant is selected from the group consisting of an 

antigen, receptor ligand, enzyme inhibitor, enzyme 
substrate, enzyme product, and oligonucleotide. 
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74. The composite of claim 72, wherein specific reactant is 
a covalent conjugate of a small molecule and a molecule 
selected from the group consisting of a molecularly 
imprinted polymer, a zeolite, an antibody, a modified 
5 antibody, an enzyme, a modified enzyme, a cavitand, a 

chiral ligand, a low molecular weight organic synthetic 
receptor, single stranded nucleic acid, and double 
stranded nucleic acid. 

75. The composite of claim 68, wherein said thermally- 
10 insulating material is selected from the group 

consisting of cross-linked dextran, gelatin, agarose, 
polyacrylamide, poly acrylates, silica, and 
poly (styrene-divinyl benzene). 

76. The composite of claim 68,* which is in the form of a 
15 particle. 



77. 



The composite of claim 68, which is in the form of a 
planar substrate. 
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Figure 3 
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Figure 4 
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